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(57) ABSTRACT

Provided are various methods and devices for electrohydro-
dynamic (E-jet) printing. The methods relate to sensing of an
output current during printing to provide control of a process
parameter during printing. The sensing and control provides
E-jet printing having improved print resolution and precision
compared to conventional open-loop methods. Also provided
are various pulsing schemes to provide high frequency E-jet
printing, thereby reducing build times by two to three orders
of magnitude. A desktop sized E-jet printer having a sensor
for real-time sensing of an electrical parameter and feedback
control of the printing is provided.
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HIGH RESOLUTION SENSING AND
CONTROL OF ELECTROHYDRODYNAMIC
JET PRINTING

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 12/916,934, filed Nov. 1, 2010, which is hereby
incorporated by reference to the extent it is not inconsistent
with the present disclosure.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
DMI-0328162 awarded by the National Science Foundation.
The government has certain rights in the invention.

BACKGROUND OF THE INVENTION

Provided herein are methods and devices for electrohydro-
dynamic jet (E-jet) printing, including e-jet systems and
devices of PCT Pub. No. 2009/011709 (71-07WO). In par-
ticular, the performance and throughput of E-jet systems are
improved through active control of one or more parameters
that affect E-jet printing by various approaches for sensing
current output during printing. Utilizing the sensing and con-
trol processes provided herein provides improved e-jet print-
ing characterized by high resolution, precision and speed,
specifically improved printing registration, consistent and
robust printing results (both spacing and size), droplet size
control, drop-on-demand printing and single droplet deposi-
tion on the order of 1x107° pL. The improved printing capa-
bilities of the present invention are applicable to a number of
industries including inkjet and printed electronics, security,
biotechnology (DNA and protein arrays, biosensors) and
photonic industries.

Conventional sensing and monitoring techniques, such as
image processing, generally require off-line data analysis and
are not conducive for real-time feedback control. Accord-
ingly, the systems and processes provided herein address the
problem of providing rapid and real-time control of E-jet
printing, thereby achieving significantly improved printing
results as characterized by one or more of print resolution,
print precision and print speed

SUMMARY OF THE INVENTION

Provided herein are processes and systems of E-jet printing
that provide significantly improved printing capability by
employing sensing and control of process and electrical
parameters. In an aspect, current-based detection is used to
monitor the e-jet printing performance and optimize printing
by controlling a process parameter such as the input voltage
or current, to provide high resolution and precision printing,
including for fast printing speeds.

Voltage or current input control, including inputs based on
real-time sensing of e-jet printing condition, provides faster
and more reliable printing, which in turn is amenable to
process automation and incorporation into viable manufac-
turing applications based on higher throughput and enhanced
print consistency, control and reliability. The e-jet printing
with sensing and control systems disclosed herein are capable
of printing frequencies on the order of kHz (such as 1 kHzand
higher) and droplet volumes of about 1x107° pL or even
smaller. In contrast, comparable e-jet printing systems typi-
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cally have a printing frequency range of about 1-3 Hz. Tradi-
tional ink jet printing can access high print frequency (e.g.,
about 50-200 kHz), but are limited to much larger printed
droplet volumes (e.g., about 20 pL).

Also provided are high-speed or frequency printing meth-
ods based on pulsed input signals. For example, using modu-
lated voltage inputs results in jetting frequencies significantly
higher than those achieved by fixed-voltage printing systems.
In addition, printed droplet size and print frequency can each
be independently changed by varying pulse characteristics,
even in the middle of printing run. Similarly, current input
modulation can be used to obtain these faster jetting frequen-
cies.

Control systems provided herein may be characterized
generally as feedback and feedforward control. Aspects of
feedforward control may employ process maps to intelli-
gently guide the selection of one or more process parameters
and/or electrical parameters to achieve or maintain a desired
printing condition. The use of process maps and current
detection feedback to select and control a process parameter
or printing condition such as back pressure, voltage input,
current input, and offset height, for a particular jetting mode
is a significant and fundamental improvement for E-jet print-
ing.

Provided herein are various sensing and control systems
and methods for use with electrohydrodynamic jet (e-jet)
printing. In one aspect, the e-jet printing relates to a system or
method as disclosed in PCT Pub. No. W0O2009/011709 (71-
07WO), which is specifically incorporated by reference
herein for the various disclosed e-jet systems and methods.

In one embodiment, the method is for high resolution,
speed and precision electrohydrodynamic jet printing of a
printable fluid, by providing a nozzle containing a printable
fluid and a substrate having a substrate surface. The substrate
surface is placed in fluid communication with the nozzle. An
electric potential difference is provided or established
between the nozzle and the substrate surface to establish an
electrostatic force to said printable fluid in the nozzle, thereby
controllably ejecting the printable fluid from the nozzle onto
the substrate. The potential is provided by any means known
in the art, including such as by a current generator and/or a
voltage generator electrically connected to the nozzle tip
and/or the substrate, so long as a resultant electrostatic force
is capable of controllably ejecting the printable fluid. A pro-
cess parameter is monitored during printing. In an aspect, the
process parameter is the current output during printing,
wherein current spikes are associated with droplet ejection
and printing. A process parameter is controlled, based on the
monitored current output, to provide high resolution, high
speed and high precision electrohydrodynamic jet printing.
For example, if the current output spike frequency deviates
from a desired frequency, a process parameter is correspond-
ingly varied to bring the current output spike frequency back
to the desired frequency.

“Resolution” refers to the ability to consistently print a
certain size from an individual droplet, or to consistently
provide desired spacing between printed features. In an
aspect, “high resolution” refers to a print size or spacing from
arange that is selected from a range between 10 nm and 1000
nm, between 10 nm and 500 nm, or between 10 nm and 100
nm.
“Speed” refers to the speed at which fluid is printed, includ-
ing for example the relative speed between the nozzle and
substrate, while maintaining high resolution and high preci-
sion. In an aspect, “high speed” refers to a printing speed
selected from a range that is selected from between 300 pum/s
and 10 mm/s, or between 1 mm/s and 10 mm/s. Speed also
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may refer to the frequency of printed droplet deposition, and
can readily range from greater than 10 Hz, through to the kHz
range, such as up to 100 kHz.

“Precision” refers to droplet placement accuracy, includ-
ing the ability to print an individual droplet to a specific
location on the substrate. In an aspect, “high precision” refers
to a placement accuracy selected from a range that is between
10 nm and 1000 nm, between 10 nm and 500 nm, or between
10 nm and 100 nm.

In an embodiment, the controlled process parameter is an
electrical parameter such as the electric potential difference
or an electric current. For example, electric potential can be
controlled directly by varying the potential to one or both of
the nozzle and substrate. Alternatively, electric potential can
be controlled indirectly by varying the electric current in the
circuit, such as an electric current to the nozzle and fluid
contained therein. Because the electric potential is propor-
tional to current, varying one of electric potential or current
results in a corresponding variation of the other parameter. In
an aspect, the controlled process parameter is an electrical
potential input to the E-jet system, such as the nozzle tip
and/or substrate. In an aspect, the electrical potential input is
pulsed.

In an embodiment, the process parameter is any one or
more parameter that affects a printing condition. In an aspect,
the process parameter is electric potential difference between
the nozzle and the substrate, stand-off height between the
nozzle and the substrate, fluid pressure of the printable fluid in
the nozzle or substrate composition. Varying any of these
process parameters can affect printing condition. There are,
of course, other relevant process parameters, such as room
conditions including temperature and humidity that can also
affect printing condition.

In an aspect, the printing condition is print frequency,
droplet size, or both print frequency and droplet size. In an
aspect, printing condition is droplet volume or the size of
printed droplet on the substrate surface. In an aspect, the
printing condition relates to a statistical characterization of a
desired print frequency, droplet volume, droplet placement,
or characteristic size of a printed feature on the substrate.

In an embodiment, the controlling step is selected from the
group consisting of: modulating the electric potential difter-
ence to provide real-time feedback control of print frequency
or droplet size; modulating the fluid pressure to provide real-
time feedback control of print frequency or droplet size; and
providing a two-dimensional pattern of substrate composi-
tion topography to provide real-time feedback control of print
frequency or droplet size as a function of relative position of
the nozzle and substrate. Such modulation can provide “on
the fly”” change to print droplet size or print frequency along
the substrate surface as the nozzle moves relative to the sub-
strate.

In one embodiment, the process parameter is stand-off
height and the printing condition is print frequency or droplet
size, and the controlling step comprises modulating the elec-
tric potential difference to provide real-time feedback control
of print frequency or droplet size.

In another embodiment the process parameter is fluid pres-
sure within the nozzle and the printing condition is print
frequency or droplet size, and the controlling step comprises
modulating the fluid pressure to provide real-time feedback
control of print frequency or droplet size.

In another embodiment, the process parameter is substrate
composition and the printing condition is print frequency or
droplet size, and the controlling step comprises varying the
substrate composition topography to provide real-time feed-
back control of print frequency or droplet size. In an aspect,

35

40

45

4

substrate composition topography is varied to achieve vary-
ing hydrophobicity, charge distribution, droplet placement,
and feature geometry. In an aspect, the substrate geometry is
varied, such as by providing relief or recess features. In an
aspect, the substrate composition topography is varied, such
as by providing locations with varying substrate materials or
surface coatings. Any substrate variations that impact stand-
off height or charge distribution can impact the electric field
around the nozzle tip, thereby impacting a printing condition.

In an aspect, the controlling step relates to modulating
voltage or current during printing, thereby controllably
changing print droplet size as a function of position on the
substrate surface during printing. In an aspect, the modulating
comprises pulsing the voltage or current during printing.

In an embodiment, the controlling step comprises modu-
lating during printing one or more of voltage, current, stand-
off height, and printable fluid pressure. Such modulating is
used to controllably change print droplet size or print fre-
quency as a function of the relative position of the nozzle and
substrate surface during printing.

In an aspect, the monitored process parameter is current
during printing, and any of the methods provided herein fur-
ther comprise recording the current during printing and iden-
tifying off-line a current spike with an individual printed
droplet. With this information, a process map is generated by
identifying a printing condition from the current spike (and
other known process parameters used when the printing was
performed). With such a process map, a user may identify
appropriate process parameters to achieve a desired printing
condition for a subsequent print. Those appropriate process
parameters are input during printing to achieve a desired
printing condition. Accordingly, the controlling step in this
aspect further comprises inputting the identified process
parameter during printing to provide printing control.

Information from a process may be used in the controlling
step to provide guidance as to appropriate process parameter
to achieve the desired printing condition, thereby providing
printing control. In this aspect, desired printing characteris-
tics are better maintained and/or more rapidly achieved. For
example, a process map for a specific printing fluid, stand-off
height and substrate composition can be used to provide a
process parameter(s) matched to the desired printing condi-
tion. A process map can also be used to guide the printing in
a real-time aspect, such as when good operation is achieved,
but a sudden drift necessitates a corresponding sudden
change in a process parameter, a process map can provide
information and guidance as to an appropriate process param-
eter to maintain the desired printing condition.

In an aspect, any of the methods relate to a printing condi-
tion selected from the group consisting of jetting frequency,
droplet residual charge and droplet size.

In an embodiment, the identifying oft-line step is repeated
for a plurality of individual printed droplets. Using a plurality
or a sequence of droplets provides for better and more accu-
rate printing control, as the printing condition is an average of
a number of separate printed droplets.

In an embodiment, any of the methods further comprise
providing a process map to provide run-to-run control of the
printing, wherein the process map is generated by detecting
current spikes during printing to determine jetting frequency
for one or more process parameters.

In an aspect, the run-to-run control compensates for sub-
strate surface tilt, thereby providing controlled printing over a
range of stand-off distances. This aspect is particularly useful
for situations where substrates cannot be uniformly and con-
sistently positioned with respect to parallel, and can be par-
ticularly important in fine-printing situations where small
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changes in stand-off distance result in unwanted printing
condition deviation (e.g., frequency, size, and/or position).

In an embodiment, any of the methods relate to a control-
ling step that is by feedforward control from a process map
specific for the printable fluid, thereby compensating for
repetitive or run-to-run variations in a process parameter. In
this embodiment, a process condition is a measurable or
known property of relevance to printing, including but not
limited to, temperature, humidity, stand-off height, substrate
tilt, substrate characteristics such as composition, charge,
coating, roughness, surface geometry or any other known
spatially-varying parameter over the substrate surface. In this
manner, the process map can be obtained for a specific print-
able fluid for different process parameters, to provide infor-
mation about appropriate process parameters to achieve the
desired printing condition. If temperature or humidity were to
change or drift, a process parameter (e.g., voltage) may be
accordingly changed based on the corresponding process
mayp, thereby maintaining desired printing parameter or char-
acteristic.

Alternatively (or in addition to), the controlling step is by
feedback control of a measured voltage or measured current,
wherein the voltage or the current is measured in real-time
during printing to compensate for real-time variation in a
process condition. In this aspect, the process condition relates
to variations that are not necessarily predicted or readily
detected, such as variations attributed to manufacturing tol-
erances: including nozzle coating, circularity and diameter as
well as substrate composition and fluid composition. The
process conditions also include unpredictable occurrences
such as nozzle restrictions, electrical contact or potential
variations, and unforeseen variations in stand-oft height or
back pressure.

In an embodiment, any of the methods provided herein
relate to a process parameter that is voltage or current, and the
method further comprises monitoring the voltage or current
output during printing and modulating the voltage or current
input to the E-jet system to obtain a user-selected print reso-
Iution, optimized printing speed, or both print resolution and
printing speed. In this embodiment, the current and/or voltage
are directly manipulated to achieve desired printing condition
of speed and/or resolution.

Any of the methods relate to a modulating step that com-
prises pulse modulated voltage or current control, such as
selecting a pulse shape, pulse duration and/or pulse spacing,
for the modulated voltage or current.

In an embodiment, any of the methods relate to a control-
ling step that is by both feedback and feedforward control, to
provide a two degree of freedom control to maintain a print-
ing condition, wherein the printing condition is selected from
the group consisting of: jetting frequency; print resolution;
droplet size; placement accuracy; and droplet spacing.

Inanaspect, any of the methods relate to printing that is one
or more of: droplet on demand printing; a printing frequency
range up to 100 kHz; a printed droplet volume having a range
that is between 1x107> pL and 1x107¢ pL; a placement accu-
racy having a standard deviation less than or equal to 100 nm,
including less than or equal to 50 nm, or less than or equal to
tens of nm; high print fidelity for up to 100% variation in
stand-off height; and plurality of printable fluids contained in
a plurality of nozzles.

In an embodiment, the methods provided herein are further
characterized in terms of a regulating step comprising apply-
ing a pulsed voltage or current, to eject a plurality of droplets,
each droplet having a volume that is less than or equal to
1x1072 pL (1x107'° L), wherein the plurality of droplets
coalesce to form a single droplet on the substrate.
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In an aspect, the pulsed voltage or current is a shaped
waveform.

In an embodiment, any of the methods relates to overwrit-
ing of a previously printed feature. In this aspect, the printing
resolution, precision and fidelity can be particularly impor-
tant as the overwriting can relate to small printed features,
including on the order of 10 nm to 100 nm.

In an embodiment, the methods provided herein can be
used in a number of different applications, including a manu-
facturing process selected from the group consisting of: elec-
tronic device fabrication; chemical sensor fabrication; bio-
sensor fabrication; optical device fabrication; tissue scaffold
fabrication; biomaterials fabrication; and secure document
fabrication.

In another embodiment, provided herein are devices, such
as an E-jet printing device, or component thereof, capable of
carrying out any of the methods described herein. In an
embodiment, the E-jet printing device component compris-
ing one or more printing nozzles, a current or voltage sensor
for detecting real-time sensing for real-time feedback and
feedforward control, and a voltage or current generator oper-
ably connected to the one or more printing nozzles. The
device provides a print resolution that is selected from a range
between 10 nm to 10 um for a printing frequency that ranges
that is greater than 0 Hz and less than or equal 100 kHz and a
placement accuracy that is selected from a range that is better
than 500 nm, such as ranging from 10 nm to less than or equal
to 500 nm. In an aspect, the device is a desktop printing device
having a footprint less than or equal to 1 m?, such as on the
order of about 2 feet by 2 feet. Footprint refers to the total
surface area occupied by the device.

In an aspect, the device is further characterized in that the
print resolution and placement accuracy are maintained with-
out varying a stand-oft distance between the nozzle and a
substrate to which the nozzle prints. This is particularly
advantageous in that the device is simpler and more cost-
effective than other E-jet printing systems requiring z-control
in order to reliably provide desired print condition. The
present device, in contrast, can readily maintain and achieve
the print condition without actively changing a set-off or
stand-off distance by varying one or more process parameters
during printing. Accordingly, the device exemplified herein
costs less than V5 the price of a typical E-jet system. Any of the
systems provided herein may employ a multiple syringe fix-
ture for holding multiple different printable fluids, thereby
providing printing of multiple printable fluids with a single
part.

In another embodiment, the invention is a method of high-
speed electrohydrodynamic jet printing by providing a nozzle
containing a printable fluid and a substrate having a substrate
surface. The substrate surface is placed in fluid communica-
tion with the nozzle and a pulsed electric potential difference
is applied between the nozzle and the substrate surface to
establish an electrostatic force to the printable fluid in the
nozzle, thereby controllably ejecting the printing fluid from
the nozzle onto the substrate. The pulsed electric potential has
a maximum voltage V,, and a minimum baseline voltage V,,
when not pulsed, wherein V;, is sufficiently large to maintain a
Taylor Cone at the tip of the nozzle without ejecting the
printable fluid.

In this manner, during printing ejected droplet size can be
selected by adjusting pulse width and ejected droplet print
frequency selected by adjusting pulse spacing.

In an aspect, the method optionally comprises adjusting
one or more pulse parameters during printing to control a
printed droplet diameter on the substrate surface during print-
ing.
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In an embodiment, such pulsing decreases print time by at
least a factor of 30, or at least a factor of 100, or at least a factor
of 1000, without substantially degrading print resolution or
print precision, compared to a method that does not pulse. For
example, the improved printing speed achieved herein can
reduce a 69 hour build-time down to about 4, while maintain-
ing and even improving deposition consistency by a factor of
about three. Any of the pulsing methods described herein can
also be used with any of the sensing and control methods,
thereby providing additional print control and stability, even
at extremely high print frequencies in the kHz range or higher.

Traditional ink jet printing methods are inherently limited
with respect to applications requiring high resolution. For
example, additional processing steps are required to obtain
high-resolution printing (e.g., less than 20 pm resolution). In
particular, the substrate to be printed may be subjected to
pre-processing, such as by photolithography-based pre-pat-
terning to assist placement, guiding and confining of ink or
printable fluid placement. Embodiments of the E-jet systems
and methods disclosed herein provide for direct high-resolu-
tion printing (e.g., better than 20 um), without a need for such
substrate surface processing. Provided herein are various
sensing and control protocols and devices for E-jet printing,
including for the E-jet printing described in WO 2009/
011709, which is specifically incorporated by reference for
the E-jet methods, systems, and components thereof, to the
extent not inconsistent with this disclosure.

Methods and systems disclosed herein are further capable
of providing resolution in the sub-micron range by electro-
hydrodynamic inkjet (e-jet) printing. The methods and sys-
tems are compatible with a wide range of printing fluids
including functional inks, fluid suspensions containing a
functional material, and a wide range of organic and inorganic
materials, with printing in any desired geometry or pattern.
Furthermore, manufacture of printed electrodes for func-
tional transistors and circuits demonstrate the methods and
systems are particularly useful in manufacture of electronics,
electronic devices and electronic device components. The
methods and devices are optionally used in the manufacture
of other device and device components, including biological
or chemical sensors or assay devices.

The devices and methods disclosed herein recognize that
by maintaining a smaller nozzle size, the electric field can be
better confined to printing placement and access smaller
droplet sizes; furthermore, the sensing and control aspects
disclosed herein provide even better printing characteristics.
Accordingly, in an aspect of the invention, the ejection ori-
fices from which printing fluid is ejected are of a smaller
dimension than the dimensions in conventional inkjet print-
ing. In an aspect the orifice may be substantially circular, and
have a diameter that is less than 30 um, less than 20 um, less
than 10 um, less than 5 um, or less than less than 1 pm. Any of
these ranges are optionally constrained by a lower limit that is
functionally achievable, such as a minimum dimension that
does not result in excessive clogging, for example, a lower
limit that is greater than 100 nm, 300 nm, or 500 nm. Other
orifice cross-section shapes may be used as disclosed herein,
with characteristic dimensions equivalent to the diameter
ranges described. Not only do these small nozzle diameters
provide the capability of accessing ejected and printed
smaller droplet diameters, but they also provide for electric
field confinement that provides improved placement accuracy
compared to conventional inkjet printing. The combination of
a small orifice dimension and related highly-confined electric
field provides high-resolution printing, with even better print-
ing characteristics when various sensing and control systems
described herein are also employed.
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In an embodiment, the electrohydrodynamic printing sys-
tem has a nozzle with an ejection orifice for dispensing a
printing fluid onto a substrate having a surface facing the
nozzle. A voltage source is electrically connected to the
nozzle so that an electric charge may be controllably applied
to the nozzle to cause the printing fluid to be correspondingly
controllably deposited on the substrate surface. Because an
important feature in this system is the small dimension of the
ejection orifice, the orifice is optionally further described in
terms of an ejection area corresponding to the cross-sectional
area of the nozzle outlet. In an embodiment, the ejection area
is selected from a range that is less than 700 um?, or between
0.07 pm>-0.12 um? and 700 um>. Accordingly, if the ejection
orifice is circular, this corresponds to a diameter range that is
between about 0.4 pm and 30 pm. Ifthe orifice is substantially
square, each side of the square is between about 0.35 um and
26.5 um. In an aspect, the system provides the capability of
printing features, such as single ion and/or quantum dot (e.g.,
having a size as small as about 5 nm).

In an embodiment, any of the systems are further described
in terms of a printing resolution. The printing resolution is
high-resolution, e.g., a resolution that is not possible with
conventional inkjet printing known in the art without substan-
tial pre-processing steps. In an embodiment, the resolution is
better than 20 um, better than 10 um, better than 5 um, better
than 1 pm, between about 5 nm and 10 um, between 100 nm
and 10 um or between 300 nm and 5 pm. In an embodiment,
the orifice area and/or stand-oft distance are selected to pro-
vide nanometer resolution, including resolution as fine as 5
nm for printing single ion or quantum dots having a printed
size of about 5 nm, such as an orifice size that is smaller than
0.15 um?. In an embodiment, the system compensates for
changes in stand-off distance, such as occurs for substrate
irregularities, substrate tilt, and general noise or other
unwanted movement of the nozzle tip relative to the substrate,
such that good printing characteristics are continuously
achieved.

The smaller nozzle ejection orifice diameters facilitate the
systems and methods of the present invention to have smaller
stand-off distances (e.g., the distance between the nozzle and
the substrate surface) which lead to higher accuracy of droplet
placement for nozzle-based solution printing systems such as
inkjet printing and e-jet printing. However, an ink meniscus at
a nozzle tip that directly bridges onto a substrate or a drop
volume that is simultaneously too close to both the nozzle and
substrate can provide a short-circuit path of the applied elec-
tric charge between the nozzle and substrate. These liquid
bridge phenomena can occur when the stand-off-distance
becomes smaller than two times of the orifice diameter.
Accordingly, in an aspect the stand-off distance is selected
from the range larger than two times the average orifice diam-
eter. In another aspect, the stand-off distance has a maximum
separation distance of 100 pm

The nozzle is made of any material that is compatible with
the systems and methods provided herein. For example, the
nozzle is preferably a substantially non-conducting material
so that the electric field is confined in the orifice region. In
addition, the material should be capable of being formed into
a nozzle geometry having a small dimension ejection orifice.
In an embodiment, the nozzle is tapered toward the ejection
orifice. One example of a compatible nozzle material is
microcapillary glass. Another example is a nozzle-shaped
passage within a solid substrate, whose surface is coated with
a membrane, such as silicon nitride or silicon dioxide.

Irrespective of the nozzle material, a means for establish-
ing an electric charge to the printing fluid within the nozzle,
such as fluid at the nozzle orifice or a drop extending there-
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from, is required. In an embodiment, a voltage source is in
electrical contact with a conducting material that at least
partially coats the nozzle. The conducting material may be a
conducting metal, e.g., gold, that has been sputter-coated
around the ejection orifice. Alternatively, the conductor may
be a non-conducting material doped with a conductor, such as
an electroconductive polymer (e.g., metal-doped polymer),
or a conductive plastic. In another aspect, electric charge to
the printing fluid is provided by an electrode having an end
that is in electrical communication with the printing fluid in
the nozzle.

In another embodiment, the substrate having a surface
to-be-printed rests on a support. Additional electrodes may be
electrically connected to the support to provide further local-
ized control of the electric field generated by supplying a
charge to the nozzle, such as for example a plurality of inde-
pendently addressable electrodes in electrical communica-
tion with the substrate surface. The support may be electri-
cally conductive, and the voltage source provided in electrical
contact with the support, so that a uniform and highly-con-
fined electric field is established between the nozzle and the
substrate surface. In an aspect, the electric potential provided
to the support is less than the electric potential of the printing
fluid. In an aspect, the support is electrically grounded.

The voltage source provides a means for controlling the
electric field, and therefore, control of printing parameters
such as droplet size and rate of printing fluid application. Inan
embodiment, the electric field is established intermittently by
intermittently supplying an electric charge to the nozzle. In an
aspect of this embodiment, the intermittent electric field has a
frequency that is selected from a range that is between 4 kHz
and 60 kHz. Furthermore, the system optionally provides
spatial oscillation of the electric field. In this manner, the
amount of printing fluid can be varied depending on the
surface position of the nozzle. The electric field (and fre-
quency thereof) may be configured to generate any number or
printing modes, such as stable jet or pulsating mode printing.
For example, the electric field may have a field strength
selected from a range that is between 8 V/um and 10 V/um,
wherein the ejection orifice and the substrate surface are
separated by a separation distance selected from a range that
is between about 10 um and 100 pm.

Conventional e-jet printers deposit printed ink having a
charge on a substrate. This charge can be problematic in a
number of applications due to the charge having an unwanted
influence on the physical properties (e.g., electrical, mechani-
cal) of the structures or devices that are printed or later made
on the substrate. In addition, the printed inks can affect the
deposition of subsequently printed droplets due to electro-
static repulsion or attraction. This can be particularly prob-
lematic in high-resolution printing applications. To minimize
charged droplet deposition, the potential or biasing of the
system is optionally rapidly reversed such as, for example,
changing the voltage applied to the nozzle from positive to
negative during printing so that the net charge of printed
material is zero or substantially less than the charge of a
printed droplet printed without this reversal. Alternatively,
any the systems, devices and processes provided herein may
be used to controllably pattern charge over a substrate sur-
face, as provided in U.S. Pat. App. No. 61/293,258 (filed Jan.
8, 2010), which is hereby incorporated by reference.

Any of the devices and methods described herein option-
ally provides a printing speed. In an embodiment, the nozzle
is stationary and the substrate moves. In an embodiment, the
substrate is stationary and the nozzle moves. Alternatively,
both the substrate and nozzle are capable of independent
movement including, but not limited to, the substrate moving
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in one direction and the nozzle moving in a second direction
that is orthogonal to the substrate. In an embodiment the
support is operationally connected to a movable stage, so that
movement of the stage provides a corresponding movement
to the support and substrate. In an aspect, the stage is capable
of translating, such as at a printing velocity selected from a
range that is between 10 um/s and 1000 pum/s.

In an embodiment, the substrate comprises a plurality of
layers. For example, a layer of SiO, and a layer of Si. In an
embodiment, the surface to be printed comprises a functional
device layer. In this embodiment, a resist layer may be pat-
terned by the e-jet printing system on the device layer or a
metal layer that coats the device layer, thereby protecting the
underlying patterned layer from subsequent etching steps.
Subsequent etching or processing provides a pattern of func-
tional features (e.g., interconnects, electrodes, contact pads,
etc.) on a device layer substrate. Alternatively, in an embodi-
ment, Si wafers without an SiO, layer, or a variety of metals
are the substrates, where these substrates also function as the
bottom conducting support. Any dielectric material may be
used as the substrate, such as a variety of plastics, glasses,
etc., as those dielectrics may be positioned on the top surface
of'a conducting support (e.g., a metal-coated layer).

Different classes of printing fluids are compatible with the
devices and systems disclosed herein. For example, the print-
ing fluid may comprise insulating and conducting polymers,
a solution suspension of micro and/or nanoscale particles
(e.g., microparticles, nanoparticles), rods, or single walled
carbon nanotubes, conducting carbon, sacrificial ink, organic
functional ink, or inorganic functional ink. The printing fluid,
in an embodiment, has an electrical conductivity selected
from a range that is between 107" S/m and 10~ S/m. In an
embodiment, the functional ink comprises a suspension of Si
nanoparticles, single crystal Si rods in 1-octanol or ferritin
nanoparticles. The functional ink may alternatively comprise
a polymerizable precursor comprising a solution of a con-
ducting polymer and a photocurable prepolymer such as a
solution of PEDOT/PSS (poly(3,4-ethylenedioxythiophene)
and poly(styrenesulfonate)) and polyurethane. Examples of
useful printing fluids are those that either contain, or are
capable of transforming into upon surface deposition, a fea-
ture. In an aspect the feature is selected from the group con-
sisting of a nanostructure, a microstructure, an electrode, a
circuit, a biological material, a resist material and an electric
device component. In an embodiment, the biologic material is
one or more of a cell, protein, enzyme, DNA, RNA, etc.
Controlled patterning of such materials are useful in any of a
number of devices such as DNA, RNA or protein chips,
lateral flow assays or other assays for detecting an analyte of
interest. Any of the devices or methods disclosed herein may
use a printing fluid containing any combination of the fluids
and inks disclosed herein.

Further printing resolution and reliability is provided by a
hydrophobic coating that at least partially coats the nozzle.
Changing selected surface properties of the nozzle, such as
generating an island of hydrophilicity by providing a hydro-
phobic coating around the exterior of the ejection orifice,
prevents wicking of fluid around the nozzle orifice exterior.

In an embodiment, any of the systems may have a plurality
of nozzles. In one aspect, the plurality of nozzles is at least
partially disposed in a substrate, such as for an ejection orifice
that at least partially protrudes from the substrate. A nozzle
disposed in a substrate includes a hole that traverses from one
substrate face to the opposing substrate face. This nozzle hole
can be coated with a silicon dioxide or silicon nitride material
to facilitate controlled printing. Each of the nozzles is option-
ally individually addressable. In an embodiment, each of the
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nozzle has access to a separate reservoir of printing fluid, so
that different printing fluids may be printed simultaneously,
such as by a microfluidic channel that transports the printing
fluid from the reservoir to the nozzle. The microfluidic chan-
nel may be disposed within a polymeric material, and con-
nected to the fluid reservoir at a fluid supply inlet port. The
nozzle may be operationally combined with the polymeric-
containing microfluidic channel in an integrated printhead.

In another embodiment of the invention, an electrohydro-
dynamic ink jet head having a plurality of physically spaced
nozzles is provided. An electrically nonconductive substrate
having an ink entry surface and an ink exit surface with a
plurality of physically spaced nozzle holes extending through
the ink exit surface. A voltage generating power supply is
electrically connected with the nozzle. The nozzle holes have
an ejection orifice to provide high-resolution printing. Such
as orifices with an ejection area range selected from between
0.12 um? and 700 pm?, or a dimension between about 100 nm
and 30 um. An electrical conductor at least partially coats the
nozzle to provide means for generating an electric charge at
the ejection orifice. Any number of nozzles, having a nozzle
density, may be provided. In an embodiment, the ink jet head
has nozzle array with any number of nozzles, for example a
total number of nozzles selected from between 100 and 1,000
nozzles. In an embodiment, the nozzles have a center to center
separation distance selected from between 300 um and 700
um. In an embodiment, the nozzles are in a substrate having
an ink exit surface area that is about 1 inch®. Any of the
multiple nozzle arrays optionally have a print resolution bet-
ter than 20 pm, 10 or 100 nm. Any of the print resolutions are
optionally defined by a lower print resolution suchas 1 nm, 10
nm or 100 nm. In an embodiment, the print resolution selected
from a range that is between 10 nm and 10 pum, 100 nm and 10
um, or 250 nm and 10 pm.

In an embodiment, provided are various methods including
methods related to the devices of disclosed herein. In an
embodiment, any of the systems disclosed herein are used to
deposit a feature onto a substrate surface by providing print-
ing fluid to the nozzle and applying an electrical charge to the
printing fluid in the nozzle. This charge generates an electro-
static force in the fluid that is capable of ejecting the printing
fluid from said nozzle onto the surface to generate a feature
(or a feature-precursor) on the substrate. A “feature precur-
sor” refers to a printed substance that is subject to subsequent
processing to obtain the desired functionality (e.g., a pre-
polymer that polymerizes under applied ultraviolet irradia-
tion).

In another embodiment, the invention provides a method of
depositing a printing fluid onto a substrate surface by provid-
ing a nozzle containing printing fluid. Optionally, the nozzle
has an ejection orifice area selected from a range that is less
than 700 um?, between 0.07 um? and 500 um?, or between 0.1
pm? and 700 um?. Optionally, the nozzle has a characteristic
dimension that is less than 20 um, less than 10 um, less than
1 pm, orbetween 100 nm and 20 um. A substrate surface to be
printed is provided, placed in fluid communication with the
nozzle and separated from each other by a separation dis-
tance. Fluid communication refers to that when an electric
charge is applied to dispense fluid out of the nozzle orifice, the
fluid subsequently contacts the substrate surface in a con-
trolled manner. Optionally, the electric charge is applied
intermittently. In an embodiment the electric charge is
applied to provide a selected printing mode, such as a printing
mode that is a pre-jet mode.

To provide improved printing capability, in an embodi-
ment, a surfactant is added to the printing fluid to decrease
evaporation when the fluid is electrostatically-expelled from

20

40

45

50

12

the orifice. In another embodiment, at least a portion of the
ejection orifice outer edge is coated with a hydrophobic mate-
rial to prevent wicking of printing material to the nozzle outer
surface. In an aspect, any of the devices disclosed herein may
have a print resolution that is selected from a range that is
between 100 nm and 10 um. Any of the printed fluid on the
substrate may be used in a device, such as an electronic or
biological device.

In another embodiment, improved printing capability is
achieved by providing a substrate assist feature on the surface
to be printed, thereby improving placement accuracy and
fidelity. Generally, substrate assist feature refers to any pro-
cess or material connected to the substrate surface that affects
printing fluid placement. The assist feature accordingly can
itself be a feature, such as a channel that physically restricts
location of a printed fluid, or a property, such as surface
regions having a changed physical parameter (e.g., hydropho-
bicity, hydrophilicity). Alternatively, assist feature may itself
not be directly connected to the surface to-be-printed, but
may involve a change in an underlying physical parameter,
such as electrodes connected to a support that in turn provides
surface charge pattern on the substrate surface to be printed.
Pattern of charge may optionally be provided by injected
charge in a dielectric or semiconductor, etc. material in elec-
trical communication with the surface to-be-printed. In an
embodiment, any of these assist features are provided in a
pattern on the substrate surface to printed, corresponding to at
least a portion of the desired printed fluid pattern.

An alternative embodiment of this invention relates to an
integrated-electrode nozzle where both an electrode and
counter-electrode are connected to the nozzle. In this configu-
ration, a separate electrode to the substrate or substrate sup-
port is not required. Normal electrojet systems require a con-
ducting substrate which is problematic as it is often desired to
print on dielectrics. Accordingly, it would be advantageous to
integrate all electrode elements into a single print head. Such
electrode-integrated nozzles provide a mechanism to address
individual nozzles and an opportunity for fine control of
deposition position not available in conventional systems. In
an aspect, the integrated-electrode nozzle is made on a sub-
strate wafer, such as a wafer that is silicon {100}. The nozzle
may have a first electrode as described herein. The counter-
electrode may be provided on a nozzle surface opposite (e.g.,
the outer surface that faces the substrate) the nozzle surface
on which the first electrode is coated (e.g., inner surface that
faces the printing fluid volume). In an embodiment the
counter-electrode is a single electrode in a ring configuration
through which printing fluid is ejected. Alternatively, the
counter-electrode comprises a plurality of individually
addressable electrodes capable of controlling the direction of
the ejected fluid, thereby providing additional feature place-
ment control. In an embodiment, the plurality of counter-
electrodes together form a ring structure. In an embodiment,
the number of counter electrodes is between 2 to 10, oris 2, 3,
4,0r5.

An alternative embodiment of the invention is a method of
making an electrohydrodynamic ink jet having a plurality of
ink jet nozzles in a substrate wafer, such as a wafer that is
silicon {100}. The wafer may be coated with a coating layer,
such as a silicon nitride layer, and further coated with a resist
layer. Pre-etching the nozzle substrate wafer exposes the
crystal plane orientation to provide improved nozzle place-
ment. A mask having a nozzle array pattern is aligned with
crystal plane orientation and the underlying wafer exposed in
a pattern corresponding to the nozzle array pattern. This pat-
tern is etched to generate an array relief features in the wafer
corresponding to the desired nozzle array. The relief features
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are coated with a membrane, such as a silicon nitride or
silicon dioxide layer, thereby forming a nozzle having a mem-
brane coating. The side of the wafer opposite to the etched
relief features is exposed and etched to expose a plurality of
nozzle ejection orifices.

Providing a membrane coating with a lower etch rate than
the wafer etch rate, provides the capability of generating
ejection orifice that protrude from the substrate wafer. Any
number of nozzles or nozzle density may be generated in this
method. In an embodiment, the number of nozzles is between
100 and 1000. This procedure provides an ability to manu-
facture nozzles having very small ejection orifices, such as an
ejection orifice with a dimension selected from between 100
nm and 10 um.

The devices and methods disclosed herein provide the
capacity of printing features, including nanofeatures or
microfeatures, by e-jet printing with an extremely high place-
ment accuracy, such as in the sub-micron range, without the
need for surface pre-treatment processing.

Without wishing to be bound by any particular theory, there
can be discussion herein of beliefs or understandings of
underlying principles or mechanisms relating to embodi-
ments of the invention. It is recognized that regardless of the
ultimate correctness of any explanation or hypothesis, an
embodiment of the invention can nonetheless be operative
and useful.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic illustration of a nozzle and substrate
configuration for printing. Ink ejects from the apex of the
conical ink meniscus that forms at the tip of the nozzle due to
the action of a voltage applied between the tip and ink, and the
underlying substrate. These droplets eject onto a moving
substrate to produce printed patterns. For this illustration, the
substrate motion is to the right. Printed lines with widths as
small as 200 nm can be achieved in this fashion.

FIG. 2A: Schematic of an E-jet printing process set-up
including: nozzle and ink chamber, air supply for back pres-
sure, conducting substrate, and translation and tilting stage
(adapted from Park et al. Nature Materials 6:782-789 (2007)).
FIG. 2B is a schematic of a sensing and control process
applied to the E-jet process of FIG. 2A to achieve high-
resolution and precision printing.

FIG. 3: Illustration of the change in the meniscus of the
fluid due to an increase in voltage potential between the
nozzle tip and the substrate.

FIG. 4: Schematic of the substrate-side current measure-
ment setup for the E-jet process. Note that the substrate-side
setup is used during experimental testing.

FIG. 5: Illustration of the one-to-one correlation between
the printed droplets and the measured current peaks.

FIG. 6: Detailed image of a current peak corresponding to
a single released droplet. The current peak has an amplitude
of 520 nA and a duration of 30 ps.

FIG. 7: Peak Detector circuit for determining time between
successive current peaks.

FIG. 8: Schematic ofthe E-jet printing process with current
detection and voltage control.

FIG. 9: Voltage potential versus stand-off height for a fixed
jetting frequency. Note the linear relationship between the
two variables resulting in a slope of 2 Wpm.

FIG. 10: Jet frequency versus stand-off height for a fixed
voltage. Note that a relatively small change in stand-off
height (2 um) can result in a large frequency change (75%
reduction in jetting frequency).
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FIG. 11: Jet frequency versus voltage for a fixed stand-off
height of 30 um and back pressure of 1.6 psi.

FIG. 12: Block diagram of the E-jet process with feedback
control. The controller is an integral control law for this case.

FIG. 13: Output frequency profiles for E-jet with an inte-
gral feedback controller, with varying integral gains (K,&[0;
30] V/Hz).

FIG. 14: Input voltage profiles for E-jet with an integral
feedback controller, with varying integral gains (K,E[0; 30]
V/Hz).

FIG. 15: Schematic of the E-jet printing process with cur-
rent detection and run-to-run feedforward and feedback volt-
age control

FIG. 16: Frequency ofjetting versus time plots for constant
voltage and learned feedforward voltage profiles.

FIG. 17: Input voltage versus time plots for constant volt-
age and learned feedforward voltage profiles.

FIG. 18: Frequency profile versus time for feedforward and
2-DOF feedback-feedforward control laws.

FIG. 19: Optical image of printed droplets for constant
voltage, feedforward control and feedforward-feedback con-
trol. The white line on each image shows the optimized drop-
let placement for a 1 Hz printing frequency with the jetting
parameters given in Table 1.

FIG. 20: Experimental printing results. Note the improve-
ment in the jetting frequency from run 0 to run 9. The desired
jetting frequency is 1 Hz.

FIG. 21: Schematic time plot of voltage profile for pulsed
E-jet. T, denotes the time between successive pulses while T,
denotes the pulse width. V, and V, are the high and low
voltages respectively.

FIG. 22: Plot of minimum pulse width T, against input
voltage V,, for a polyurethane polymer ink. For larger volt-
ages, we can obtain droplet ejection for smaller pulse widths.
For V,=425V, we obtain {,>18 kHz.

FIG. 23: Chart showing printing times for 1.5 mm by 0.3
mm pattern using constant voltage jet printing mode and
pulsed voltage printing jet mode. Pulsed voltage printing
requires 70 seconds, while constant voltage jet printing
requires 2200 seconds.

FIG. 24A Printed pattern using constant voltage jetting (5
um capillary, phosphate buffer solution with 10% Glycerol
(vol.)). Total area=0.3 mmx1.5 mm. FIG. 24B Printed pattern
using pulsed voltage jetting (5 um capillary, phosphate buffer
solution with 10% Glycerol (vol.)). 0.3 mmx1.5 mm. Printing
with constant jetting results in irregular droplet spacing and
size and requires 2200 seconds. Printing with pulsed jetting
results in regular droplet spacing, consistent droplet sizes and
is completed in 70 seconds (see, e.g., FIG. 23). Typical drop-
let diameter is 3 pm.

FIG. 25: Printed Pattern using NOA 73 (Photocurable
Polyurethane Polymer) at 1 kHz printing frequency using a 2
um ID capillary nozzle. The droplet diameter varies from 1-2
pm.
FIG. 26: SEM images of printed lines using NOA 73 (Pho-
tocurable Polyurethane Polymer) at 10 kHz printing fre-
quency using a 2 um ID capillary nozzle. The zoomed-in
detail in the bottom panel shows the spreading of the droplets
after printing.

FIG. 27: Plot of current measurement showing a voltage
pulse and the corresponding peak of a single droplet.

FIG. 28: Plot of current measurement showing a voltage
pulse train with multiple droplets released per pulse.

FIG. 29: Plot of droplet diameter on the surface (D) against
pulse width T,. The predicted slope of 0.33 is plotted as a
dashed line. We see good correlation between the prediction
and the measurement values.
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FIG. 30A: Printed pattern using NOA 73 from a 5 um micro
capillary, with on-the-fly droplet diameter control by chang-
ing pulse width T,. FIG. 30B: Detail of pattern showing
controlled transition from 3.9 pm to 8.1 um droplet size. The
droplet size is controlled independent of droplet spacing (16
um). FIG. 30C: Pulse width control to generate droplets of
varying size.

FIG. 31: Desktop E-jet system with specific hardware
requirements identified. Note that the major positioning and
jetting components for the desktop E-jet system are sized to fit
a typical lab desktop

FIG. 32: Nozzle mount for the E-jet process. Note the
electrical connection used to apply a high-voltage signal to
the treated micro-pipette.

FIG. 33: Multi-nozzle rotable mount for the E-jet process.
The design is an extension of the single nozzle mount with
integrated high-voltage electrical connections in each indi-
vidual nozzle holder. Four different views are provided.

FIG. 34: Substrate mount for the E-jet process. Note the
electrical connection to ground on the treated substrate. This
is used to create a voltage potential between the treated sub-
strate and nozzle.

FIG. 35: Desktop E-jet system software-hardware inter-
face.

FIG. 36: Process diagram of the E-jet printing system

FIG. 37: Block “I” printed using the desktop E-jet system.
Image was printed from a nozzle diameter of 5 um resulting in
printed droplets with an average measured diameter of 2.8
um. Typical ink jet droplets with a 20 pum diameter are super-
imposed on the printed image for comparison purposes.

FIG. 38 illustrates exemplary shaped pulse embodiments
of an electrical parameter such as current or voltage input to
the E-jet printing system.

DETAILED DESCRIPTION OF THE INVENTION

“Electrohydrodynamic” refers to printing systems that
eject printing fluid under an electric potential applied
between the orifice region of the printing nozzle and the
substrate. When the electrostatic force is sufficiently large to
overcome the surface tension of the printing fluid at the
nozzle, printing fluid is ejected from the nozzle, thereby print-
ing a droplet of material onto a surface.

“Fjection orifice” refers to the region of the nozzle from
which the ink is capable of being ejected under an electric
charge. The “ejection area” of the ejection orifice refers to the
effective area of the nozzle facing the substrate surface to be
printed and from which ink is ejected. In an embodiment, the
ejection area corresponds to a circle, so that the diameter of
the ejection orifice (D) is calculated from the ejectionarea (A)
by: D=(4A/m)"2. A “substantially circular” orifice refers to an
orifice having a generally smooth-shaped circumference
(e.g., no distinct, sharp corners), where the minimum length
across the orifice is at least 80% of the corresponding maxi-
mum length across the orifice (such as an ellipse whose major
and minor diameters are within 20% of each other). “Average
diameter” is calculated as the average of the minimum and
maximum dimension. Similarly, other shapes are character-
ized as substantially shaped, such as a square, rectangle,
triangle, where the corners may be curved and the lines may
be substantially straight. In an aspect, substantially straight
refers to a line having a maximum deflection position that is
less than 10% of the line length.

“Printable fluid” is used herein interchangeably with
“printing fluid” or “ink™, and each is used broadly to refer to
a material that is ejected from the printing nozzle and having
at least one feature or feature precursor that is to be printed on

25

35

40

45

16

a surface. Different types of printable fluid may be used,
including liquid ink, hot-melt ink, ink comprising a suspen-
sion of a material in a volatile fluid. The printable fluid may be
an organic printable fluid or an inorganic printable fluid. An
organic printable fluid includes, for example, biological
material suspended in a fluid, such as DNA, RNA, protein,
peptides or fragments thereof, antibodies, and cells, or non-
biological material such as carbon nanotube suspensions,
conducting carbon (see, e.g., SPI Supplies® Conductive Car-
bon Paint, Structure Probe, Inc., West Chester, Pa.), or con-
ducting polymers such as PEDOT/PSS. Inorganic printable
fluid, in contrast, refers to suspensions of inorganic materials
such as fine particulates comprising metals, plastics, or adhe-
sives, or solution suspensions of micro or nanoscale solid
objects. A “functional printable fluid” refers to a printable
fluid that when printed provides functionality to the surface.
Functionality is used broadly herein that is compatible with
any one or more of a wide range of applications including
surface activation, surface inactivation, surface properties
such as electrical conductivity or insulation, surface masking,
surface etching, etc. For printable fluids having a volatile fluid
component, the volatile fluid assists in conveying material
suspended in the fluid to the substrate surface, but the volatile
fluid evaporates during flight from the nozzle to the substrate
surface or soon thereafter.

The particular printable fluid and composition thereof used
in a system depends on certain system parameters. For
example, depending on the substrate surface that is printed,
e.g., whether the substrate is a dielectric or itself is a charged
or a conducting material, influences the optimum electric
properties of the fluid. Of course, the printing application
restrains the type of printable fluid system, for example, in
biological or organic printing, the bulk fluid must be compat-
ible with the biologic or organic component. Similarly, the
printing speed and evaporation rate of the printable fluid is
another factor in selecting appropriate inks and fluids. Other
hydrodynamic considerations involve typical flow param-
eters such as flow-rate, effective nozzle cross-sectional areas,
viscosity, and pressure drop. For example, the effective vis-
cosity of the printable fluid cannot be so high that prohibi-
tively high pressures are required to drive the flow.

Printable fluids optionally are doped with an additive, such
as an additive that is a surfactant. These surfactants assist in
preventing evaporation to decrease clogging. Especially in
systems with relatively small nozzle size, high volatility is
associated with clogging. Surfactants assist in lowering over-
all volatility.

One important printable fluid property is that the printable
fluid must be electrically conductive. For example, the print-
able fluid should be of high-conductivity (e.g., between 1073
and 107> S/m). Examples of suitable ink properties for con-
tinuous jetting are provided in U.S. Pat. No. 5,838,349 (e.g.,
electric resistivity between 10°-10'" Qcm; dielectric constant
between 2-3; surface tension between 24-40 dyne/cm; vis-
cosity between 0.4-15 cP; specific density between 0.65-1.2).
Similarly, any of the inks described in WO 2009/011709 may
be used as a printable fluid.

“Controllably ejecting” refers to deposition of printing
fluid in a pattern that is controlled by the user with well-
defined placement accuracy. For example, the pattern may be
a spatial-pattern and/or a magnitude pattern having a place-
ment accuracy that is at least about 1 um, or in the sub-micron
range.

“Electric potential difference” refers to the voltage supply
generated potential difference between the printing fluid
within the nozzle (e.g., the fluid in the vicinity of the ejection
orifice) and the substrate surface, and can provide an electric
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charge to the printable fluid contained in the nozzle. This
electric potential difference may be generated by providing a
bias or electric potential to one electrode compared to a
counter electrode. The resultant electric field results in con-
trollable printing on a substrate surface. In an aspect, the
electric potential difference is applied intermittently at a fre-
quency. In an embodiment, the electric potential difference is
applied continuously, but has a magnitude that is time vary-
ing, such as a “pulsed electric potential”. The pulsed voltage
orelectric charge may be a square wave, sawtooth, sinusoidal,
or combinations thereof, and can be further described by
various physical parameters including pulse width and pulse
spacing. Dot-size modulation is provided by varying one or
more of the intensity of the electric field, duration of the pulse,
or pulse frequency/spacing. As known in the art, the various
system parameters are adjusted to ensure the desired printing
mode as well as to avoid short-circuiting between the nozzle
and substrate. The various printing modes include drop-on-
demand printing, continuous jet mode printing, stable jet,
pulsating mode, and pre-jet. Different printing modes are
accessed by different applied electric field. If there is an
imbalance between the electric-driven output flow and pres-
sure-driven input flow, the printing mode is pulsating jet. If
those two forces are balanced, the printing mode is by con-
tinuously ejected stable jet. In an embodiment, either of the
pulsating or the stable jet modes are used in printing. In an
embodiment, the printing is by pulsating jet mode as the
stable jet mode may be difficult to precisely control to obtain
higher printing resolutions, as small variations in applied field
can cause a significant effect on printing (e.g., too high causes
“spraying”, too low causes pulsation). In an embodiment, the
electric field is pulsed, such as by using pulsed on/off voltage
signals, thereby controlling the ejection period of droplets
and obtaining drop-on-demand printing capability. In an
embodiment, these pulses oscillate rapidly from positive to
negative during printing in a manner that provides a zero net
charge of printed material. In addition, in the embodiment
where there is a plurality of counter-electrodes, the electric
field may oscillate by applying electric charge to different
electrodes in the plurality of electrodes along the direction of
printing in a spatial and/or time-dependent manner. In a simi-
lar fashion, current into the system may be pulsed, thereby
generating a pulsed electric field, as voltage and current are
related “electrical parameters” (including, for example, by
Ohm’s law).

“Current output during printing” refers to the electric cur-
rent spikes associated with the ejection of printable fluid
droplets from the nozzle. Methods and devices provided
herein recognize that monitoring, such as by real-time mea-
surement and/or off-line analysis (e.g., post-printing), pro-
vides useful information about a printing condition for par-
ticular experimental process parameters. For example, a
process parameter that is the potential difference, stand-off
height between nozzle tip and substrate, printable fluid pres-
sure, printable fluid composition, temperature, humidity can
affect a printing condition. The printing condition, however,
can be determined from monitoring the current output with
the frequency of spikes providing the printing frequency and
the peak of the spikes, as well as area under the spike curve,
providing information about printed droplet volume or size.

“Printing condition” refers to a useful characteristic of
printing including, but not limited to, print frequency, print
droplet volume or size, print speed, print resolution, print
precision, or droplet behavior including coalescing of mul-
tiple distinct droplets.

“Process parameter” refers to a physical variable that
affects a printing condition. Particularly relevant process
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parameters are those that can be readily monitored and/or
controlled to maintain or generate a printing condition.
Examples of process parameters include, electrical param-
eters such potential difference or electric current, stand-off
height between nozzle tip and substrate, printable fluid pres-
sure, printable fluid composition, temperature, humidity, sub-
strate composition, substrate topography. Each of those pro-
cess parameters can significantly affect E-jet printing and
may be independently controlled as desired. Furthermore, the
effect of process parameters on printing can be tested and
process maps that relate various process parameters to print-
ing condition developed.

“Process map” refers to the relation between a process
parameter and a printing condition. Process maps may be
developed and used by any of the methods provided herein to
provide additional guidance or assistance in controlling a
process parameter during printing to obtain or maintain a
desired printing condition (e.g., print frequency, size, speed,
etc.).

“Feed-forward control” refers to control of a process
parameter, such as voltage, current, stand-off distance to
compensate for systemic variations in the system, thereby
maintaining good printing characteristics including high-
resolution, high-precision, high-speed, and/or high-fidelity.
Feed-forward control processes may be obtained from mod-
els and repeated experiments, including from a process map.
Feed-forward control may be further described as iterative
learning, wherein repeated printing under specified condi-
tions can provide information about selecting a process
parameter, including an electrical parameter, to obtain a
desired printing condition.

“Feedback control” refers to control of a process parameter
to compensate for unforeseen variations that cannot be pre-
dicted a priori (in contrast to the systemic variations
addressed by feed-forward control). Feedback control can be
based on real-time sensor-feedback information of output
current during printing to rapidly provide corrective control
to a process parameter, such as an electrical parameter that
affects the electric potential difference, including voltage,
current, and/or stand-off distance, thereby maintaining
desired printing condition. In an aspect, the control systems
ensure that the desired printing condition deviates by less than
10%, less than 5% or less than 1% from the desired value,
throughout printing.

“Resolution” refers to the ability to print a droplet of a
specific size and may be defined in a number of ways. The
methods described herein relate to “high-resolution™ print-
ing. In an aspect, high-resolution refers to the resolution
achieved by the methods described herein that are not
achieved by comparable methods that do not employ the
sensing and control steps described herein. Alternatively,
resolution may be quantified, such as by a characteristic of the
printed material or a statistical parameter thereof. In one
embodiment, high-resolution refers to printed material hav-
ing a printed dimension on the substrate, such as diameter,
wherein the standard deviation of the diameter is less than or
equal to 10% of the diameter. In another embodiment, high-
resolution refers to a standard deviation of a characteristic
size of an ejected droplet (e.g., diameter), having an average
value that is selected from a range that is greater than or equal
to 100 nm and less than or equal to 1 um and a standard
deviation that is selected from a range that is greater than or
equal 10 nm and less than or equal to 100 nm, including for a
relatively high jet frequency (e.g., on the order of kHz and
higher, such as about 30 kHz printing speeds). In an aspect,
the high-resolution printing is for printing speeds that are an
order of magnitude or higher than E-jet printing not using one
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or more of the control and sensing systems described herein,
including at least about 30 times faster for pulsed jetting
printers as described herein.

“Printing resolution” refers to the smallest printed size or
printed spacing that can be reliably reproduced. For example,
resolution may refer to the distance between printed features
such as lines, the dimension of a feature such as droplet
diameter or a line width, or a statistic description of the
variation thereof (e.g., standard deviation or standard error of
the mean).

“Precision” refers to the ability to place an ejected droplet
in a desired location. Accordingly, the higher the precision,
the more reliably a droplet is placed in that location. High
precision is important for precise printing applications,
including micro- and nano-scale printing of micro- and nano-
features, such as in the electronics, chemical and biological
industries, for example. High precision is also important for
reliable overwriting applications, where a substrate is repeat-
edly printed to build up a pattern of printed features.

“Speed” refers generally to the speed at which material is
printed or the time it takes to complete a print. As used herein,
the term “high” is used in a relative sense and refers to any of
the relevant resolution, precision and speed that are improved
compared to conventional E-jet systems that do not employ
the corresponding monitoring and control features, or the
input pulsing. Alternatively, “high” is used quantitatively, and
as described herein for various embodiments.

“Stand-off distance” or “stand-off height” refers to the
minimum distance between the nozzle and the substrate sur-
face.

“Modulating” refers to changing current or voltage such as
by changing the magnitude or introducing pulsing which has
a number of controllable parameters including pulse shape,
frequency, spacing, maximum value, minimum value.

“Fidelity” refers to a measure of how well a selected pat-
tern of elements, such as a printed pattern of droplets, is
printed to a receiving surface of a substrate. “High print
fidelity” refers to printing of a selected pattern of droplets,
wherein the relative position and size of individual droplets
are preserved during printing, for example wherein spatial
deviations of individual droplets from their positions in the
selected pattern are less than or equal to 200 nanometers, less
than or equal to 50 nanometers, or less than or equal to 10
nanometers. “High print fidelity” can also be characterized
statistically, such as a maximum deviation in spacing or size
that is less than or equal to 20%, 10%, 5% or 1% from an
average value or a desired value.

“Electrical contact” refers to one element that is capable of
affecting change in the electric potential of a second element.
Accordingly, an electrode connected to a voltage source by a
conducting material is said to be in electrical contact with the
voltage source. “Electrical communication” refers to one ele-
ment that is capable of affecting a physical force on a second
element. For example, a charged electrode in electrical com-
munication with a printing fluid that is electrically conductive
exerts an electrostatic force on that portion of the fluid that is
in electrical communication. This force may be sufficient to
overcome surface tension within the fluid that is at the ejec-
tion orifice, thereby ejecting fluid from the nozzle. Similarly,
an electrode in electrical contact with a support is itself in
electrical communication with a substrate surface not con-
tacting the electrode when the electrode is capable of affect-
ing a change in printed droplet position.

A substrate surface with a “controllable electric charge
distribution” refers to a printing system that is capable of
undergoing controllable spatial variation in the electric field
strength on the surface of the substrate surface. Such control
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is a means of further improving charged droplet deposition.
This distribution can be by controlling a plurality of indepen-
dently-chargeable electrodes that are in electrical contact
with the conductive support or electrical communication with
the substrate surface.

In addition to the electric field or electric charge oscillating
in a time-dependent manner, the electric field or charge may
oscillate in a spatial-dependent manner. “Spatial oscillation”
refers to the frequency of the field changing in a manner that
is dependent on the geographical location of the printhead
nozzle ejection orifice over the substrate surface. For
example, in certain substrate locations it may be desirable to
print larger-sized features, whereas in other locations it may
be desirable to have smaller or no features. For example, the
field may be oscillated spatially in the axis of patterning.
Alternatively, or in combination, the printing speed may be
manipulated to change the amount of fluid printed to a surface
region.

The electrohydrodynamic printing systems are capable of
printing features onto a substrate surface. As used herein,
“feature” is used broadly to refer to a structure on, or an
integral part of, a substrate surface. “Feature” also refers to
the pattern generated on a substrate surface, wherein the
geometry of the pattern of features is influenced by the depo-
sition of the printing fluid. The term feature encompasses a
material that is itself capable of subsequently undergoing a
physical change, or causing a change to the substrate when
combined with subsequent processing steps. For example, the
patterned feature may be a mask useful in subsequent surface
processing steps. Alternatively, the patterned feature may be
an adhesive, or adhesive precursor useful in subsequent
manufacturing processes. Patterned features may also be use-
ful in patterning regions to generate relatively active and/or
inactive surface areas. In addition, functional features (e.g.
biologics, materials useful in electronics) may be patterned in
a useful manner to provide the basis for devices such as
sensors or electronics. Some features useful in the present
invention are micro-sized structures (e.g., “microfeature”
ranging from the order of microns to about a millimeter) or
nano-sized structures (e.g., “nanostructure” ranging from on
the order of nanometers to about a micron). The term feature,
as used herein, also refers to a pattern or an array of structures,
and encompasses patterns of nanostructures, patterns of
microstructures or a pattern of microstructures and nano-
structures. In an embodiment, a feature comprises a func-
tional device component or functional device. Useful forma-
tion of patterns include patterns of functional materials such
as relief structures, adhesives, electrodes, biological arrays
(e.g., DNA, RNA, protein chips). The structure can be a
three-dimensional pattern, having a pattern on a surface with
a depth and/or height to the pattern. Accordingly, the term
structure encompasses geometrical features including, but
not limited to, any two-dimensional pattern or shape (circle,
triangle, rectangle, square), three-dimensional volume (any
two-dimensional pattern or shape having a height/depth), as
well as systems of interconnected etched “channels” or
deposited “walls.” In an embodiment, the structures formed
are “nanostructures.” As used herein, “nanostructures” refer
to structures having at least one dimension that is on the order
of nanometers to about a micron. Similarly, “microstructure”
refers to structures having at least one dimension that is on the
order of microns, such as between 1 um and 100 um, between
1 um and 20 pm, or between 1 pm and 10 um. The systems
provide printing resolutions and/or “placement accuracy” not
currently practicable with existing systems without extensive
additional surface pre-processing procedures. For example,
the width of the line can be on the order of 100’s of nm and the
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length can be on the order of microns to 1000’s of microns. In
an embodiment the nanostructure has one or more features
that range from an order of hundreds of nm.

“Hydrophobic coating” refers to a material that coats a
nozzle to change the surface-wetting properties of the nozzle,
thereby decreasing wicking of printing fluid to the outer
nozzle surface. For example, coating the outer surface of the
ejection orifice provides an island of hydrophobicity that
surrounds the pre-jetted droplet and decreases the meniscus
size of the droplet by restricting liquid to an inner annular rim
space. Accordingly, the printed droplet can be further reduced
in size, thereby increasing printer resolution. Further optimi-
zation of the on/off rate of the electric field can provide
droplets in the 100 nm diameter range, or in the 10’s of nm
range (e.g., ranging from between about 10 nm and 100 nm).

In systems having a plurality of nozzles, one or more, or
each of the nozzles may be “individually addressable.” “Indi-
vidually addressable” refers to the electric charge to a nozzle
that is independently controllable, thereby providing inde-
pendent printing capability for the nozzle compared to other
nozzles. Each of the nozzles may be connected to a source of
printing fluid by a microfluidic channel. “Microfluidic chan-
nel” refers to a passage having at least one micron-sized
cross-section dimension.

“Printing direction” refers to the path the printing fluid
makes between the nozzle and the substrate on which the
printing fluid is deposited. In an embodiment, direction is
controlled by manipulating the electric field, such as by vary-
ing the potential to the counter-electrode. Good directional
printing is achieved by employing a plurality of individually-
addressable counter-electrodes, such as a plurality of elec-
trodes arranged to provide a boundary shape, with the ejected
printing fluid transiting through an inner region defined by the
boundary. Energizing selected regions of the boundary pro-
vides a capability to precisely control the printing direction.

A substrate in “fluid communication” with a nozzle refers
to the printing fluid within the nozzle being capable of being
controllably transferred from the nozzle to the substrate sur-
face under an applied electric charge to the region of the
nozzle ejection orifice.

The invention may be further understood by the following
non-limiting examples. All references cited herein are hereby
incorporated by reference to the extent not inconsistent with
the disclosure herewith. Although the description herein con-
tains many specificities, these should not be construed as
limiting the scope of the invention but as merely providing
illustrations of some of the presently preferred embodiments
of'the invention. For example, thus the scope of the invention
should be determined by the appended claims and their
equivalents, rather than by the examples given.

Example 1
Control of High-Resolution E-Jet Printing

This example discusses a sensing and feedback-feedfor-
ward control system for Electrohydrodynamic jet (E-jet)
printing (see also Barton et al., “High Resolution Sensing and
Control of Electrohydrodynamic Jet Printing,” to appear in
Control Engineering Practice, 2010). E-jet printing is a nano-
manufacturing process that uses electric field induced fluid jet
printing through nano-scale nozzles. The printing process is
controlled by changing the voltage potential between the
nozzle and the substrate. However, it is difficult to maintain
constant operating conditions such as stand-off height during
a run of the printing process. The change in operating condi-
tions results in fluctuating jet frequency and droplet diameter.
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For stabilizing the jetting frequency across a single run, a two
degree of freedom (2-DOF) control algorithm is imple-
mented. The feedforward voltage signal is used to compen-
sate for repeatable changes in the operating conditions (“run-
to-run control”) and is obtained using an Iterative Learning
Control (ILC) algorithm. The feedback controller compen-
sates for uncertainty in jetting operating conditions. The jet-
ting frequency is determined in real-time by recording elec-
tric current pulses when ink droplets are released from the
nozzle. This frequency measurement is then used to control
the voltage profile across a run to compensate for changing
operating conditions. Experimental results validate the con-
trol method.

As the demand for micro- and nano-scale devices in elec-
tronics, biotechnology and microelectromechanical systems
has increased, efforts have been made to adapt current graphic
art printing techniques to address this need. Traditional
graphic art approaches such as ink-jet printing include apply-
ing heat to induce a vapor bubble to form and eject a droplet
of ink through a nozzle, and piezoelectric printers which use
a glass capillary squeezed by a surrounding cylinder of piezo-
electric ceramic to drive the fluid deposition [1]. The mini-
mum printing resolution that can be created reliably for these
methods ranges from 20-30 um. This coarse resolution is due
to a combination of nozzle sizes and droplet placement.
Smaller nozzle sizes may become clogged due to ink viscos-
ity, while the vibrations caused by the piezoelectric actuators
often lead to variations in the droplet placement [2]. Due to
these size and accuracy limitations, these traditional graphic
art approaches cannot be used for high-resolution manufac-
turing.

Electrohydrodynamic jet (E-jet) printing is a technique that
uses electric fields to create fluid flow necessary to deliver ink
to a substrate for high resolution (<1 pm) patterning applica-
tions [3]. E-jet has been gaining momentum in the past few
years as a viable printing technique, especially in the micro-
and nano-scale range [4, 5, 6]. While the applications of E-jet
printing are varied, the process is typically run open-loop (i.e.
no feedback or feedforward control). As the advantages of
E-jet printing become more apparent (e.g. the potential for
purely additive operations, the ability to directly pattern bio-
logical materials for biosensors, drop-on-demand functional-
ity for chemical mixing and sensor fabrication, and high-
resolution printing for printed electronics), the necessity for
enhanced process control increases.

Online monitoring of E-jet is critical to establishing a reli-
able process. To facilitate this, we present a novel current
sensing system to detect droplet deposition. This current mea-
surement can then be used to determine the rate of droplet
deposition, which may be used for real-time feedback and
feedforward control. This example presents the first real-time
sensing system for feedback control of the E-jet process.

A key challenge in control of the E-jet process is the lack of
accurate process models and varying operating conditions
across the run of a process. In order to address this issue, a
2-DOF (degree of freedom) control law is designed: feedback
and feedforward control. The feedback control law is
designed to stabilize the printing process by compensating for
stochastic disturbances in the system, while the feedforward
control law removes repetitive variations in the jetting caused
by process variations that are consistent from each run to the
next (e.g., “run-to-run control algorithms).

The feedback scheme incorporates a simple integral con-
trol law, leading to an improved steady-state printing perfor-
mance. For designing feedforward control signals for E-jet,
we use run-to-run control [7] algorithms such as Iterative
Learning Control (ILC), which can provide substantial per-
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formance improvement if the operating conditions vary
repetitively in every run of the process.

ILC is loosely derived from the paradigm of human learn-
ing. Ina repetitive process, information from earlier iterations
of the process can be used to improve performance in the
current iteration. The early rigorous formulations of IL.C were
developed by [8] and [9]. [8] used a P-type IL.C scheme for
control of robotic manipulators. Since then, IL.C has been
implemented in several applications for control of repetitive
processes because of its simplicity of design, analysis, and
implementation. In particular, it has been successfully imple-
mented in several industries including industrial robots [10],
rapid thermal processing [11], semiconductor manufacturing
[12], and micro-scale robotic deposition [13]. Detailed sur-
veys of applications and theoretical advances in ILC can be
found in[14, 15]. In this example, we use a simple P-type ILC
law to regulate the frequency of the jetting process.

This example presents a novel technique for monitoring
and controlling the E-jet process via current sensing and
voltage modulation. Using current based detection to monitor
the printing performance and optimize the input voltage both
along the trial and from run-to-run, we can regulate printing
speed and resolution of the E-jet process. Controlling the
voltage input to the system provides more reliable printing
results which in turn leads to a more viable manufacturing
process. The use of current detection facilitates fast, real-time
analysis, while many other traditional sensing and monitoring
techniques (e.g. image processing) require extensive off-line
data analysis. Along with current detection, process maps are
used to determine appropriate control laws which result in the
desired printing conditions.

One objective of this example is to present a novel
approach for improving the performance of the E-jet printing
process. More specifically, the contributions of this example
include: (1) the development of an electronic sensing tech-
nique for real-time detection of E-jet printing; and (2) a con-
trol algorithm which determines optimized voltage profiles
through process maps and measured current. The remainder
of'the example is as follows. Section 2 provides a description
of'the E-jet process. Sections 3 and 4 introduce current based
droplet detection and process modeling, including the devel-
opment of process maps used to determine appropriate print-
ing conditions for a desired jetting frequency. Feedback con-
trol, feedforward control, and the combined control algorithm
applied in this work are presented in Section 5. Experimental
results validating the performance improvements from imple-
menting the combined feedback and feedforward controller is
given in Section 6. Section 7 provides a summary.

Section 2. ELECTROHYDRODYNAMIC JET PRINT-
ING: E-jet printing uses electric field induced fluid flows
through micro-capillary nozzles to create devices in the
micro- and nano-scale range [3]. E-jet printing is described in
U.S. Pat. No. 5,838,349 (by D. H. Choi and I. R. Smith). The
printer and printing process detailed in that patent were
designed to dispense different colored ink droplets into uni-
form patterns on a substrate. While that method easily sur-
passed the 2-D printing capabilities of ink jet printers at that
time, droplet resolution, ink variations, and potential appli-
cations for E-jet printing were not fully addressed. PCT Pat.
Pub. No. W0O2009/011709 describes high-resolution E-jet
printing for manufacturing systems. That patent application
focuses on using the E-jet process to print high-resolution
patterns or functional devices (e.g. electrical or biological
sensors) in the sub-micron range. The patterning of wide
ranging classes of inks in diverse geometries, as well as
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printed examples of functional circuits and sensors demon-
strating the diverse applications of E-jet printing are provided
in [3].

FIG. 1 (adapted from W02009/011709) is a schematic
overview of e-jet printing. FIG. 2A presents a schematic of
the E-jet printing process. The main elements for E-jet print-
ing device 10 include an ink or printable fluid chamber 20,
nozzle 30, metal-coated glass nozzle tip 90, computer control
40, power supply 50, pressure regulator 60, comprising a
pressure gauge 62, pneumatic regulator 64, and air line 80,
substrate 100, and positioning system 110 for translating
and/or tilting the stage. In this embodiment, a conducting
support 120 is electrically connected to the substrate 100.
Printable fluid is ejected from the nozzle tip 90 and deposited
on the substrate receiving surface, as indicated by the printed
features 105. Controllable printing process parameters
include the back pressure (pneumatic 60) applied to the ink
chamber, the offset height between the nozzle 90 and sub-
strate 100, and the applied voltage potential between a con-
ducting nozzle tip and substrate, such as by power supply 50
which may control the potential difference or current. Note
that the nozzle tip and substrate are generally coated with
metal to ensure conductivity. In an aspect, the nozzle has a tip
diameter selected from a range that is greater than about 0.3
um and less than about 30 pm. Any number of variables or
process parameters may be under computer control 40,
including print position (e.g., relative position between sub-
strate and nozzle tip), potential difference, current, electrical
pulse shape, back-pressure, offset height. The printing con-
ditions are controlled through the back pressure (air applied
to the nozzle), the stand-off height, and the applied voltage
potential between a conducting nozzle tip and substrate. In
addition, variations in environmental conditions can be moni-
tored for and controlled, including temperature, humidity,
atmospheric pressure.

FIG. 2B illustrates one embodiment of sensing and control
to provide better control and print characteristics for E-jet
printing. Input 200 of a process parameter that affects a print-
ing condition is introduced to the process. This introduction
can be, for example, to maintain or achieve a desired printing
condition (e.g., print frequency, droplet size). In this example,
the input is a pulsed voltage or current to the nozzle tip (or,
alternatively, the substrate opposed to and facing the nozzle
top), thereby controlling printing of the E-jet process 300
(e.g., corresponding to the device of FIG. 2A). Output current
during printing 400 is monitored. A current sensor 500 is used
to quantify the output current 600 during printing for use in
real-time feedback 650. Optionally, a process map 700 that
provides information about a printing condition based on one
or more process parameters can be used to provide additional
control (e.g., “feedforward control” 750). A controller 800
receives information from the sensor and/or process map to
control a parameter 900 that affects a printing condition, such
as an electrical parameter (voltage or current) input 200 to the
E-jet process 300.

A simplified schematicis provided in FI1G. 8, where current
output during printing 400 is monitored and used to guide
selection and control of an input control signal (e.g., a process
parameter) 200 to the E-jet printing 10 to maintain or achieve
desired printing condition. Such monitoring and control pro-
cesses provide E-jet printing resolution, precision or speed
that would not otherwise be achieved without unduly
adversely affecting one or more print conditions.

For E-jet printing, a voltage potential is applied between a
conducting nozzle and substrate. Note that the nozzle tip and
substrate are generally coated with metal to ensure conduc-
tivity. Additionally, if the surface of the desired substrate is
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nonconductive, one can use a conductive layer under a non-
conductive substrate provided that the thickness of the non-
conductive substrate is within a certain range. A voltage
applied to the nozzle tip causes mobile ions in the ink to
accumulate near the surface at the tip of the nozzle. The
mutual Coulombic repulsion between the ions introduces a
tangential stress on the liquid surface that, along with the
electrostatic attraction to the substrate, deforms the meniscus
into a conical shape (called the Taylor cone after Sir Geoffrey
Ingram Taylor who first reported it in 1964) as described in
[3]. At some point, the electrostatic stress overpowers the
surface tension between the liquid and the interior surface of
the nozzle tip and droplets eject from the cone. FIG. 3 illus-
trates the change in the apex of the ink or printable fluid
meniscus due to an increase in voltage.

Changes in back pressure, stand-off height, and applied
voltage, affect the size and frequency of the droplets. These
changes result in different jetting modes (e.g. pulsating,
stable jet, e-spray) which can be used to achieve various
printing requirements. The sensitivity of these jetting modes
to variations in the printing conditions requires high-resolu-
tion sensing and control in order to achieve the desired results.

3. CURRENT DETECTION: Traditionally, the E-jet pro-
cess has been monitored primarily through imaging, both
online and offline. A camera is used to view the emission of
the droplet from the nozzle onto the substrate. However, there
are some significant disadvantages to this monitoring
method. Firstly, image processing is time consuming and is
unsuitable for feedback control of the process with low com-
putation power. Further, without advanced image processing
algorithms, this monitoring method necessitates the presence
of'a human operator for supervision. In order to address both
these issues, this example uses a current detection system for
sensing process operating conditions for E-jet printing (see,
e.g., FIGS. 2B and 8). This current detection system is better
suited for online monitoring and automated control of the
E-jet process since the measurement and data analysis are
simple and can be done at the same time-scale as the process
(up to 1 kHz).

Current-detection based process characterization of the
process is based on the following fundamental physical phe-
nomenon during E-jet. When a charged droplet is released
from the nozzle, the voltage source generates a small current
to neutralize the imbalance in charge in the fluid inside the
nozzle. By detecting this current, the time of droplet release
can be determined. This measurement scheme is termed
Nozzle-side measurement. An alternate scheme measures the
current discharged through the substrate. When a charged
droplet from the nozzle hits the conductive substrate, the
charge is dissipated through to the ground. This current can be
measured by connecting a current sensor to the substrate-
ground connection. This measurement scheme is termed Sub-
strate-side measurement. FIG. 4 shows a schematic of the
substrate-side current measurement setup used in this
example. The high voltage source is connected to the nozzle
side, while a current sensor is connected to the substrate side.
The free end of the current sensor drains to ground.

The frequency of jetting can be determined by measuring
the time elapsed between two successive jets. Each peak in
the current signal corresponds to a single jet. This is illus-
trated in FIG. 5. This signal can then be used in the control
algorithm for regulation of frequency about a set point.

The detailed plot of the current peak when a single droplet
is released is shown in FIG. 6. The peak current is propor-
tional to the size of the droplet (dependent on the applied
voltage and back pressure). This makes intuitive sense since a
larger droplet carries more charge. The duration of the jet is
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also directly proportional to the size of the droplet. The peak
current is typically of the order of 10-100’s of nanoamperes
(in this case: 520 nA). These small currents necessitate very
high quality shielding and noise suppression. The signal to
noise ratios are typically of the order of 5-10. Further, the
duration of the jet is generally less than 50 ps (in this case: 30
us).

Since the current peaks are of such short duration, a rela-
tively simple peak detector circuit shown in FIG. 7 is
designed. This peak detector circuit only records the time
between peaks and not the amplitude. This measurement can
be used in real-time for feedback and feedforward control of
the jetting frequency. The schematic of the overall control
system is shown in FIG. 8. Optionally, output current magni-
tude and/or area under the curve of a spike (FIG. 6) are
determined to provide additional information related to
printed droplet size. These calculations are provided in addi-
tion to visual inspection and measurement of the printed
droplet size using an optical microscope off-line.

4. PROCESS MODELING: Choi et al. [16] proposed the
following relationship for frequency of jetting f with the
voltage potential V and stand-off height h:

Vi3 o)

7 =K(z]

where K is a scaling constant dependent on the viscosity of
the ink, the nozzle diameter, applied back pressure, and per-
mittivity of free space. For a detailed derivation of this rela-
tionship, see [16]. This relationship between applied voltage
V and the jetting frequency f'can then be used for determining
a suitable ILC proportional gain, explained in Section 5. FIG.
9 shows a plot of voltage against stand-off height for a given
jet frequency of 1 Hz. A linear relationship is observed
between these with a slope of 2 V/um. The jetting operating
conditions for these process maps are shown in Table 1. Note
that these operating conditions vary depending on the nozzle
diameter, substrate preparation, ink, and e-jet system.

FIG. 10 shows a plot of jet frequency against stand-off
height. A significant variation (a change of 2 um can result in
areduction of jet frequency by 75%) in jetting frequency can
be observed with changes in stand-off height, for a fixed
voltage difference across the tip and substrate. This arises
because the electric field is substantially weakened as the tip
and substrate move farther away from each other.

Finally, FIG. 11 illustrates a plot of jet frequency against
voltage for a fixed stand-off height of 30 um and back pres-
sure of 1.6 psi. The peak slope of this curve is 0.7 Hz/V. These
static process maps, while specific to the e-jet setup used
during experimental testing, enable us to determine the feed-
back and IL.C gains for stability for a given e-jet system.

5.CONTROL OF THE E-JET PROCESS: The consistency
of'droplet deposition, i.e. the jetting frequency, is a key metric
for evaluation of the E-jet printing process. The controllable
input signal is the applied voltage difference between the
nozzle and the substrate. In open-loop operation of the pro-
cess, a fixed voltage difference is applied to the nozzle and the
substrate based on the frequency-voltage maps described in
the previous section. However, this strategy results in sub-
stantial variation of jetting frequency because process param-
eters such as stand-off height and wetting properties of the
nozzle are subject to variation during the course of the print-
ing process. In order to overcome this, we use a 2-DOF
feedback and feedforward control algorithm to regulate the
jetting frequency.
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5.1. Single DOF Feedback Control: FIG. 12 shows the
block diagram of a feedback control system for E-jet. The
controller is an integral control law of the form

Vet D=V 3 4K fres= 1) @

where K, is the integral control gain, f, . is the desired
frequency, and f(k) is the measured jetting frequency. Notice
that the index k refers to the sample instant; however, f(k) is
notupdated at every sample instant. f(k) is updated only when
ajet is detected.

Since a good model of the E-jet process is unavailable, the
feedback integral control gain K, is tuned based on a series of
experiments. The desired frequency £, is setat 1 Hz for these
experiments. FIGS. 13 and 14 show the voltage and frequency
profiles with varying control gain. For smaller values of K,
(K, =5 V/Hz), the convergence to the desired frequency is
observed to be slow, while for larger K, faster convergence is
obtained. However, there are increasing oscillations in the
control input and finally for K,=30 V/Hz the closed-loop
system becomes unstable. Therefore, there exists a tradeoff
between convergence speed and stability in the design of the
integral control gain.

On closer examination of the voltage profile in FIG. 14, we
see a trend of voltage increase over the time interval. Using
the relationships from the process modeling from Section 4,
this increase can be correlated to an increase in stand-off
height (FIG. 9). This can be pre-compensated by using a
feedforward control signal in addition to the feedback control
signal, i.e. using a 2-DOF control system described in the
following subsection. The advantage of using a feedforward
signal is that there is no need for a large feedback control gain,
resulting in fewer oscillations and a more stable system, while
assuring good regulation of the jetting frequency.

5.2. Two-DOF Feedforward and Feedback Control: The
variation of jetting frequency is primarily caused by two
factors 1) change in stand-off height because of substrate tilt,
and 2) changes in local jetting conditions. The frequency error
due to substrate tilt is a large repeatable component that is
present in every run of the jetting process. The error due to
local jetting conditions is smaller but does not repeat from one
run to the next. In a 2-DOF controller, the feedforward control
signal is aimed at compensating the former, while the feed-
back component of the control system is designed to deal with
the latter.

5.2.1. Tterative Learning Control: In order to find the ideal
feedforward voltage profile to pre-compensate for change in
substrate stand-off height, we implement an IL.C algorithm
for updating the feedforward voltage signal based on jetting
frequency estimates from the previous runs of the process. An
underlying assumption is that the operating conditions vary
across a run but not from run-to-run. This may not always be
true. However, when the primary source of frequency error is
the tilt of the substrate, this assumption holds good. The
optimal feedforward control signal is learned by running the
jetting process in open-loop and iteratively refining the feed-
forward signal to get a small residual frequency error.

The frequency profile over a single run (j) is collected and
stacked into a vector f,. The frequency error for the i run is
defined as e, =, 1. The feedforward voltage profile over
the entire run is defined as V. as shown below.
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A proportional-type ILC update law is used to update the
voltage profile for the next iteration of the printing process, as
shown in (5).

Vs =Vt aes) &)

The choice of y determines the convergence rate and sta-
bility of the ILC scheme. With a larger y, we get faster con-

vergence. However, when vy is too large the ILC algorithm
may go unstable. For stability of the scheme, it is sufficient if

©

The maximum value of df/dV can be determined from
either substituting the physical parameters based on (1) or
through experimental identification of the peak slope of the
frequency-voltage curve shown in FIG. 11. The optimized
feedforward control signal profile V ;is therefore obtained by
running the learning algorithm to convergence within a
bound.

5.2.2. Feedback and Feedforward Control: The 2-DOF
controller combines the feedback control law of (2) with the
optimized feedforward control signal found using the ILC
algorithm defined in (5). As stated in the previous subsection,
ILC is used to determine the pre-compensated voltage profile
to minimize performance errors resulting from repetitive dis-
turbances such as substrate tilt. Once the optimized feedfor-
ward signal has been identified, it can be included in the total
voltage input signal along with feedback control. This 2-DOF
control law is given by

Vied )=V JE)+V g (F): M

The feedforward signal acts as the baseline voltage profile,
while the feed-back signal acts as supplemental control to
minimize short-term stochastic process variations. The addi-
tion of the feedforward signal decreases the feed-back gain
required to optimize the jetting frequency since the large
voltage increases due to the stand-off height are taken care of
by the feedforward signal. FIG. 15 shows the schematic ofthe
plant and 2-DOF control system.

6. RESULTS: The design objective in this example is to
synchronize repetitive 1.5 mm movements in the negative
Y-direction at a velocity of 30 pm/sec with a stable 1 Hz
jetting mode. Using the process maps from Section 4, the
idealized case of constant stand-off height and constant volt-
age potential should result in a constant jetting frequency.
However, in practical applications, slight variations in the
stand-off height as well as operating conditions result in
changes to the jetting frequency and poor printing consis-
tency. In an effort to improve the printing performance, the
voltage difference between the tip and substrate is modulated
via the 2-DOF control law described in the earlier sections to
compensate for variations in the stand-off height and other
printing conditions.

To validate the feasibility of controlling the E-jet printing
process through current sensing and voltage modulation, the
2-DOF control scheme described in Section 5 is implemented
on an experimental testbed. The motion control system com-
prises 5 physically connected axes (X,Y,Z,U,A), a substrate
mount, a nozzle mount, and a camera for nozzle alignment
and jetting visualization. While this system has motorized
Z-axis and tilt stages U and A, one of the goals of the advanced
sensing and control system is to remove the need for these
expensive motorized stages. In order to simulate this situa-
tion, these three axes were locked at fixed values.
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The electrical connection to the nozzle and substrate, along
with the substrate-side measurement scheme, follows the set-
up illustrated in FIG. 4. The measured current signal for a
given run is detected online for feedback control, and pro-
cessed off-line to determine jetting frequency information
across the run for learning feedforward control. The jetting
operating conditions are shown in Table 2.

The first step in the development of the control law is
learning the optimal feedforward control signal for pre-com-
pensating the effects of changing stand-off height. The learn-
ing law for the feedforward signal is implemented in open-
loop operation. The ILC algorithm (5) uses the measured
frequency error signal and the corresponding input voltage
profile across an entire run to update the voltage signal for the
subsequent run.

The initial guess for the voltage profile is chosen to be a
fixed voltage (394 V), which results in a jetting frequency of
about 0.7 Hz at the beginning of the run and 0:92 Hz at the end
of the run. FIG. 16 illustrates the performance improvement
obtained from implementing the IL.C update law for voltage
modulation of the E-jet process.

FIGS. 16 and 17 show the jetting frequency and input
voltage versus time for the constant voltage and the learned
profile cases. The initial iteration with a constant voltage
input shows substantial variation in jetting frequency (FIG.
16) due to changes in the stand-off height and printing con-
ditions. Using the IL.C algorithm from (5) with a heuristically
tuned control gain (y=8) to ensure satisfaction of (6) and
convergence over a reasonable number of iterations, the fre-
quency error is minimized, as shown in FIG. 16. The corre-
sponding learned feedforward voltage signal is illustrated in
FIG. 17. The voltage profile is observed to be shaped so as to
cancel the effect of the variation of substrate height (possibly
due to tilts in the substrate).

While the learned feedforward control signal is able to
remove repeatable changes in frequency from one run to the
next, on using the same feedforward signal at a different
starting location on the substrate, the performance is signifi-
cantly degraded, as shown in FIG. 18. This is because of the
non-repeatable variability in operating conditions from run to
run. Therefore, the feedback control law described in (2) is
implemented with an integral gain of 1 V/Hz in addition to the
feedforward signal. The integral gain is chosen heuristically
to ensure fast convergence, while maintaining system stabil-
ity. Note that the addition of the feedforward signal results in
the use a smaller integral gain for feedback control as com-
pared to the gains used in FIGS. 13 and 14. This is due to a
reduction in the error signal as a result of the removal of the
repetitive errors.

FIG. 18 shows the comparative performance of the open-
loop feedforward controller versus that of the 2-DOF feed-
back-feedforward controller. Better printing consistency is
obtained by using the feedback and feedforward controllers
in conjunction (FIG. 18). FIG. 19 shows an optical image of
the printed droplets for constant voltage, optimized feedfor-
ward control, and feedback-feedforward control. The white
measuring template provided next to each line of droplets
indicates the desired droplet placement for a 1 Hz printing
frequency given the jetting parameters provided in Table 2.
Using this measuring tool, FIG. 19 shows better placement
and therefore better consistency with a 1 Hz jetting frequency
for the 2-DOF control case. Table 3 shows a quantitative
comparison of the three modes of operation: open-loop, feed-
forward, and 2-DOF control. We see that both the 2-Norm
(root mean squared) and peak frequency errors are smallest
for the 2-DOF case.
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FIG. 20 shows the improvement in the jetting frequency
and consistency of the printed lines from each pass. The
monotonic convergence behavior of the system can be visu-
ally verified in FIG. 20 from the noticeable increase in jetting
frequency from run to run. Note that the printing performance
in the last three runs appears to be very similar.

Sensing and control of nanomanufacturing processes is
critical towards the integration of these processes into main-
stream manufacturing systems. A major challenge in these
systems is the inconsistency of operating conditions, leading
to poor yield. E-jet printing is an emerging manufacturing
technology that has potential in widespread applications. This
example presents a sensing and control methodology for
maintaining consistent jetting frequency for E-jet printing. In
order to monitor the process, a novel current detection system
with nanoampere resolution is designed. So far in literature,
the E-jet process is monitored through vision-based systems,
which are typically unable to provide real-time feedback
without significant computation capability.

The system provided herein is used for online detection and
stabilization of jetting frequency through a feedback-feedfor-
ward 2-DOF control system. The feedforward signal is
obtained by using an IL.C algorithm that used batch process-
ing of the collected frequency profile from a run of the E-jet
process to adjust the voltage profile in the next iteration. The
feedback controller is an integral-type control law. Experi-
mental results show that the variation in the jetting process
can be substantially reduced by using the proposed 2-DOF
control law. Since the primary source of this variation is
variation in stand-off height, the disclosed method is able to
obviate the need for motorized stages for controlling tilt and
Z-axis stages that may have been necessary to ensure consis-
tent stand-off height. As a result, we anticipate much better
robustness of the E-jet process through feedback control
without the need for expensive hardware systems.
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Example 2
High Speed Drop-On-Demand E-Jet Printing

We present a pulsed DC voltage printing regime for high-
speed, high-resolution, and high-precision Electrohydrody-
namic jet (E-jet) printing (see also Mishra et al., “High Speed
Drop-on-Demand Printing with a Pulsed Electrohydrody-
namic Jet.” J. of Micromechanics and Microengineering 20,
Aug. 2010, Pages 095026:1-8). The voltage pulse peak
induces a very fast E-jetting mode from the nozzle for a short
duration, while a baseline DC voltage is selected to ensure
that the meniscus is always deformed to nearly a conical
shape but not in a jetting mode. The duration of the pulse
determines the volume of the droplet and therefore the feature
size on the substrate. The droplet deposition rate is controlled
by the time interval between two successive pulses. Through
a suitable choice of the pulse width and frequency, a jet-
printing regime with specified droplet size and droplet spac-
ing is obtained. Further, by properly coordinating the pulsing
with positioning commands, high spatial resolution is
achieved. We demonstrate high-speed printing capabilities at
1 kHz with drop-on-demand and registration capabilities with
3-5 um droplet size for an aqueous ink and 1-2 pm for a
photo-curable polymer ink.

Jet printing-based manufacturing processes at the nano-
and micro-scales have been the target of much research
because of the ability to generate very small-scale droplets.
Examples of jet printing include the now ubiquitous ink-jet
printing using thermal and piezo-excitation, and E-jet print-
ing. Among these, E-jet printing has demonstrated superior
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resolution, printing of micron and sub-micron scale droplets
using a wide variety ofinks [1, 2, 3, 4]. However, the speed of
the process and its ability to produce uniform printing quality
have been cited as impediments, as pointed out in a review on
E-jet [5].

Because of the ability to print high resolution droplets and
lines with a range of inks, E-jet printing has shown tremen-
dous promise for applications such as printing metallic (Ag)
interconnects for printed electronics [2], bio-sensors [1, 4].
As the advantages of E-jet printing become more apparent
(e.g. the potential for purely additive operations, the ability to
directly print biological materials, maskless lithography),
additional features like drop-on-demand functionality and the
ability to precisely control droplet sizes become necessary.
Further, enhanced process controls to independently regulate
process outputs such as droplet size and delivery frequency
become critical. Finally, as with any manufacturing process,
throughput rates (in this case, printing speeds) and process
robustness are key decision parameters in the adoption of the
process. Therefore, to fully realize the capability of the E-jet
printing process, this example demonstrates how to exploit
input voltage modulation to enhance droplet deposition rates,
obtain consistent droplet volume, and accurate spatial place-
ment of droplets.

E-jet printing uses electric-field induced fluid flows
through fine micro capillary nozzles to create devices in the
micro- and nano-scale range[1]. Typically, these electric
fields are created by establishing a constant voltage difference
between the nozzle carrying the ink (the print head) and the
print substrate. The electric field attracts ions in the fluid
towards the substrate, deforming the meniscus to a conical
shape and eventually leading to instability that results in
droplet release from the apex of the cone [1, 6]. Electrohy-
drodynamic discharge from a nozzle results naturally in a
pulsed flow. This was exploited by Chen [9] to accurately
place drops. Juraschek and Rollgen [7] reported that this
pulsing persists in the spray regime reporting both low-fre-
quency 10 Hz and high-frequency 1 kHz pulsations in an
electrohydrodynamic spray. To exploit this natural pulsation,
Chen et al [9] and Choi et al [8] have developed scaling laws
for characterizing E-jet. Until now, high-resolution Ejet print-
ing has used this natural pulsation and is therefore limited by
the natural pulsating frequency of the aforementioned dis-
charge, which has substantial variability. To overcome this
limitation, Kim et al [10] suggested the use of a piezoelectric
excitation of the nozzle tip (hybrid jet printing) along with
electric field induced jetting. AC pulsing has been demon-
strated for E-jet by Nyugen et al [11]. AC modulation showed
advantages over DC voltage in terms of fabrication of
nozzles, droplet repulsion, and drop on demand capabilities
based on the frequency of sinusoidal voltage applied. Kim et
al[12]used asquare wave (DC) for E-jet printing and used the
amplitude of the voltage to control droplet size. Stachewicz et
al [13] demonstrated single-event pulsed droplet generation
for E-jet, as well as a study of relaxation times for drop on
demand Electrospraying [14].

In all the above, the droplet diameters and pulse frequen-
cies have been limited to larger than 50 um and printing
frequencies of 25 Hz. Further, to the best of our knowledge,
no systematically controlled high-speed printing regimes
have been developed for delivering precise droplet volumes
with high fidelity spatial and temporal resolution. This
example presents a manufacturing oriented approach to
pulsed input voltage E-jet printing including: 1) high speed
printing, 2) high resolution printing, and 3) a well-docu-
mented recipe for shaping the pulse signal.
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In this example, we present an E-jet printing mode capable
of high speeds and independent control of droplet size and
printing frequency. Specifically, this mode demonstrates
capability for printing speeds of 1000 droplets per second
(e.g., 1 kHz printing speed), while producing consistent and
controllable droplet sizes of 3-6 um. This mode uses a pulsed
voltage signal to generate Electrohydrodynamic flow from
the nozzle. The pulse peak is chosen so as to induce a very fast
E-jetting mode from the nozzle, while the baseline voltage is
picked to ensure that a near conical shaped meniscus is
always present, but not discharging any fluid. The duration of
the pulse determines the volume of the droplet and therefore
the feature size on the substrate. On the other hand, the droplet
deposition rate is controlled by varying the time interval
between two successive pulses. Through suitable choice of
the pulse width and frequency, a jet-printing regime with
specified feature size and deposition rate can be created.

The rest of the example is organized as follows. Section 2
provides an introduction to the E-jet printing process. Section
3 then discusses a novel voltage modulation scheme for deliv-
ering high-speed high-resolution E-jet printing capabilities.
A design recipe for determining the parameters for this
scheme is described in Section 4. Section 5 describes the
experimental E-jet printing testbed. Sections 6 and 7 demon-
strate high-speed printing and drop-on-demand printing
capabilities of the voltage modulated printing regime. Finally,
in Section 8 the contribution of this paper is summarized.

2. Electrohydrodynamic Jet Printing: FIG. 2A presents a
schematic of the E-jet printing process. FIG. 2B illustrates the
various sensing and control features used with the E-jet print-
ing process of FIG. 2A.

A voltage applied to the nozzle tip causes mobile ions in the
ink (e.g., printable fluid) to accumulate near the surface at the
tip of the nozzle. The mutual Coulomb repulsion between the
ions introduces a tangential stress on the liquid surface,
thereby deforming the meniscus into a conical shape [1]. At
some point, the electrostatic stress overcomes the surface
tension of the meniscus and droplets eject from the cone. FIG.
3 illustrates the change in the ink meniscus due to an increase
in voltage. Depending on the fluid properties, as the applied
field is increased this discharge begins as a pulsed or inter-
mittent jet (pre-jet modes) transitioning into a stable single
jet, multiple unstable jets, and finally becoming a spray for
very large electric field strengths. Each of the different jetting
modes (e.g. pulsating, stable jet, E-spray [15]) can be used to
achieve various printing/spraying applications. Pre-jet modes
are typically used for printing because of better controllabil-
ity at high speeds.

Changes in back pressure, stand-off height, and applied
voltage or current affect the size and frequency of the drop-
lets. This sensitivity of the process output to variations in the
printing conditions requires high-resolution sensing and con-
trol in order to achieve stable and predictable printing results.

3. Voltage Modulation in E-jet Printing: Typically, the jet
frequency and droplet diameter are controlled by changing
the applied voltage difference across the tip and the substrate.
From a process development point of view, this has signifi-
cant disadvantages. First, for a given nozzle diameter, print-
ing ink and stand-off height (distance of the nozzle tip from
the substrate), the droplet diameter on the surface (D) and
jetting frequency (f) are coupled. Scaling laws from Choi et al
[8] capture this dependence with the following equations:
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where d,, is the anchoring radius of the meniscus, d is the
droplet diameter of the ejected droplet, E is the electric field
because of the applied potential, and e is the contact angle at
the surface; F(0) is a function of the contact angle 6. As can be
seen from the above equations, one can set a voltage level to
either obtain a desired droplet diameter or a printing speed
(droplets/sec), but not both. The second disadvantage associ-
ated with printing by setting a constant voltage different
between the tip and substrate accrues from the fact that
minute changes in the stand-oft height (for example, because
of small misalignments or errors associated with the motion
stage) can cause significant changes in the jetting frequency
and droplet diameters.

With a sufficiently high potential difference, very fast jet-
ting frequencies of several kHz can be achieved. However, at
the resulting strong electric field, the system becomes more
sensitive to variations in operating conditions such as stand-
off height, meniscus wetting properties, etc. and the jetting
frequency may vary substantially during printing, leading to
inconsistent droplet spacing. Therefore, constant high-volt-
age H+jetting is unsuitable for printing large droplet arrays
with regular droplet diameters and consistent droplet spacing
(as might be required in a DNA microarray, for example). At
the same time, low-voltage E-jetting results in slow printing
speeds (with droplet deposition rates of 1-5 drops per sec-
ond).

To overcome these limitations, we use a short-time high
voltage pulse superimposed over a lower baseline constant
voltage. The short high-voltage pulse releases a droplet (or a
finite number of droplets) from the nozzle, while the lower
constant voltage holds the charge in the meniscus. FIG. 21
shows the time plot of a typical pulse. Exemplary pulse
shapes are illustrated in FIG. 38. The duration of the pulse
controls the number of droplets released. These droplets coa-
lesce and form a larger droplet on the substrate surface. Hence
the volume of fluid deposited on the substrate is controlled by
the number of droplets released per high voltage pulse and
consequently, the duration of this pulse. On the other hand,
the time between two pulses (pulse spacing or pulse fre-
quency) determines the time or (for constant velocity motion
of the stage) distance(s) between successive droplets on the
substrate.

The baseline voltage must be chosen such that there is no
jetting at that voltage; however it must be large enough to
ensure that the Taylor Cone [16] is formed and maintained at
the tip of the micro capillary nozzle. On the other hand, the
pulse peak voltage V,, is chosen such that it results in a very
fast natural jetting mode with a frequency of jetting given by
f,. By adjusting the pulse peak voltage to a large enough
value, itis possible to getf, of the order of 10-50 kHz for most
printable fluids/inks [1, 9].

3.1. Pulse Spacing T,: The pulse spacing T, directly con-
trols the droplet spacing on the substrate. This is because the
distance between droplets can be changed by adjusting the
time between successive pulses and the speed of movement
(w,,) of the substrate with respect to the nozzle tip. The
droplet spacing is given by s ~w_T .
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3.2. Pulse Width T,: Assuming a hemispherical droplet of
D on the surface of the substrate, we have (for f;, T >2)

T p (3)

T, =
§ A r=1z

where V, is the volume of a single droplet released from the
nozzle and T, is the pulse width. Given a fixed V,, (pulse
peak), f, and v,, are fixed. Therefore we can control the diam-
eter of the deposited droplets by changing the pulse width T,.
Further, the size of these ‘aggregated’ droplets is more uni-
form than each individual discharged droplet because of the
averaging effect. For a small enough pulse width, there may
be no droplet released from the tip because of the time delay
in formation of the meniscus and ejection of the droplet. This
minimum possible T, is dependent on the choice of V,, (See
FIG. 28 for an example of a recorded input voltage pulse and
the resulting current signal). FIG. 22 shows a plot of this
relationship for a photo-curable polyurethane polymer (Nor-
land Optical Adhesive NOA 73).

Therefore, by adjusting Tp and Td we can fix the desired
droplet diameter and spacing independently.

4. Design Recipe: In this section, we algorithmically
describe how the input parameters, specifically the pulse
modulation parameters V,; V; T, and T, are determined,
based on output requirements of the printing process, such as
droplet spacing and droplet (feature) size.

(1) Set process parameters: Ink type, substrate type, back
pressure (psi), and nozzle diameter. Typically, the nozzle
diameter is chosen to be between 2-5 times the desired droplet
diameter, while the back pressure is chosen so that it holds a
spherical meniscus at the nozzle tip.

(i1) Set V, to be 5-10 volts less than initial voltage required
to release a single droplet. (This voltage to release a droplet
can be arrived at by gradually raising the voltage until the first
drop is released from the nozzle).

(iii) Determine substrate velocity (fastest possible, subject
to motion stage hardware constraints) w_,.

(iv) Determine time between pulses as T =S /w_,, where s ;
is the desired spacing between droplets.

(v) Evaluate potential V,, range so that: (a) V,, is signifi-
cantly less than spraying, unstable jetting or arcing voltage;
(b)V,, is greater than voltage that results in a jetting frequency
of 1, which satisfies ;, ., T >2.

(vi) Choose V,, to be as large as possible without violating
(a) above. Determine pulse width T, to ensure desired droplet
diameter D, based on Eq. (2).

5. System Description: To validate the feasibility of both
the high-speed and drop-on-demand E-jet printing process,
the design scheme described in the previous section is imple-
mented on an experimental E-jet printing testbed. Table 4
describes the hardware components of the system.

The motion control system comprises 5 physically con-
nected axes (X,Y,Z,U,A), a substrate mount, a nozzle mount,
and a camera for nozzle alignment and jetting visualization.
The translational motion of the substrate is controlled through
the X,Y axes, while the pitch and yaw are fixed through the
U,A axes. The electrical connection to the nozzle and sub-
strate, along with the substrate-side measurement scheme,
follows the set-up illustrated in FIG. 4. The measured current
signal is detected online and processed off-line to determine
jetting information. The printing is performed on a glass slide
substrate coated with Au for conductivity. No other post-
processing of the substrate is performed. The stand-off height
for printing is set at 30 um along the Z axis. The effect of the
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stand-off height is further addressed in [8]. The power supply
is bipolar; however, for this example, we use positive polarity
of the nozzle for demonstrating printing.

Printing results are provided for (a) High speed printing,
and (b) Drop-on-demand printing in the following sections.

6. High Speed Printing Results: Pulsed E-jet printing can
significantly enhance printing speeds (droplet deposition
rate). Typically in constant jet mode printing applications,
jetting frequencies are around 1-5 droplets per second [1]. A
graphics art rendered pattern 1.5 mm by 0.3 mm is used as a
basis for comparison of printing speeds for constant voltage
and pulsed voltage E-jet printing. The constant voltage print-
ing is executed at 1 droplet per second jetting frequency and
requires~2200 seconds for printing. On the other hand,
pulsed jetting at 60 droplets per second prints the pattern in 70
seconds (FIG. 23). FIG. 24 shows optical micrographs of the
printed patterns obtained from the two printing methods. The
printing time is cut down by a factor of 30 using the pulsed
mode operation. The droplet placement accuracy using the
pulsed mode operation is critically dependent on the synchro-
nization of the stage movement and the voltage pulsing. This
is the source of the irregular droplet alignment from one raster
to the next in FIG. 24.

Further, pulsed E-jetting shows tremendous potential for
establishing printing speeds well into several kHz that will
transform this technology into a viable nano-manufacturing
process. FIG. 25 illustrates an image printed at 1 kHz with
droplet sizes ranging from 1-2 pm. Printed lines can be laid
down on a substrate in the many kHz range. For example, a
printing speed of about 10 kHz is shown in FIG. 26. The
printing consistency for the pulsed voltage mode is robust,
having a diameter standard deviation of 0.53 um and spacing
standard deviation of 0.86 um. Under constant voltage print-
ing conditions, the diameter standard deviationis 1.31 um and
the spacing standard deviation is 2.10 pm.

7. Drop on Demand Printing: 7.1. Current Detection:
Monitoring the E-jet process optically becomes very chal-
lenging especially with printing at single micron resolutions
and speeds approaching 1000 droplets per second. Therefore,
a scheme based on current monitoring is developed for the
process. Essentially, the E-jet process involves combined
mass and charge transfer between the nozzle and substrate,
i.e., each droplet released from the nozzle carries a net posi-
tive or negative charge [3], depending on the direction of the
applied field. With the release of each charged droplet from
the nozzle, a small current is drawn to neutralize the resulting
charge imbalance in the fluid at the meniscus. By detecting
this current, the time of droplet release can be determined.
This measurement scheme is termed nozzle-side measure-
ment. An alternate scheme measures the current dissipated
through the substrate to ground when a charged droplet from
the nozzle arrives at a conductive substrate. This current can
be measured by introducing a current sensor in the substrate-
ground connection. This measurement scheme is termed sub-
strate-side measurement. FIG. 4 shows a schematic of sub-
strate-side current measurement setup. The high voltage
source is connected to the nozzle side, while a current sensor
is connected to the substrate side. The free end of the current
sensor drains to ground. While both schemes work well for
process monitoring, in this example we use the substrate-side
configuration.

The frequency of jetting can be determined by measuring
the time elapsed between two successive jets. Each peak in
the current signal corresponds to a single jet. This is illus-
trated in FIG. 5. For the resolution range (<5 pm) in which we
operate, the typical measured current associated with each
droplet is found to be in the range of 10 to 100 nA. Thus, the



US 9,278,522 B2

37

jetcurrent detection capability, while not necessary for pulsed
mode E-jetting, is useful for determining the number of drop-
lets released per pulse. This information can then be used for
establishing voltage pulse modulation parameters described
in Sections 3 and 4.

7.2. Printing Results: We demonstrate additional capabili-
ties of the high-speed pulsed E-jet printing regime through the
following. FIG. 27 shows a time-plot of current measurement
on the substrate side superimposed on a time plot of the
voltage pulse. The ink is a 10 mM aqueous phosphate buffer
solution with 10% (by vol.) glycerol. We observe release of a
single droplet from the micro capillary within the pulse time.
This capability directly translates into a drop-on-demand
regime for E-jet, which will substantially enhance the appli-
cability of E-jet for printing bio-sensors, among other appli-
cations.

FIG. 28 shows the measured current plot for a train of
voltage pulses and the corresponding droplet ejections. Mul-
tiple droplets (in this case, four) are ejected within each pulse
period. By changing the pulse time (T,,), the number of drop-
lets ejected per pulse is controlled.

Through varying pulse time, multiple droplets can jet
within the pulse width and coalesce to create different droplet
sizes. FIG. 29 shows a plot of varying pulse width (T ) against
droplet diameter (D) on the substrate. The ink was a UV
curable polyurethane ink, jetting was accomplished through
using a micro capillary nozzle of inner diameter (ID) 5 um.
The droplet diameter varied from 6 pum to 22 um based on the
duration of the pulse width.

The pulsed mode operation of the E-jet process enables
on-the-fly droplet diameter change. This is illustrated in FIG.
30. The droplet diameter is varied during printing by chang-
ing the pulse width, thereby generating denser and less dense
printed areas without the need for changing nozzle tips, read-
justment of voltage or change in deposition frequency. We
therefore independently control droplet diameter and droplet
spacing, as mentioned in Section 3.

This independent control of droplet spacing and droplet
diameter can be exploited to create patterns with varying
density of droplets or varying droplet size that can be adjusted
on the fly. FIG. 30 demonstrates this capability in a printed
pattern using NOA 73 from a 5 pm micro capillary. The
droplet size is varied by changing the pulse width (T,) from
500 ps to 2500 ps. The resulting average droplet size is found
to be 3.9 um and 8.1 pum respectively for the two cases, with
standard deviations of 0.4 um and 0.3 pm (with 16 random
droplet diameter measurements). The droplet spacing (16
um) is unaffected by changes in droplet size.

8. Conclusions: E-jet printing technology has shown tre-
mendous potential for applications in printed electronics, bio-
technology, and microelectromechanical devices. Printing
speed and droplet size control present the biggest challenge
for jet printing techniques. In order to address these issues
simultaneously, a high-speed high-precision E-jet printing
technique is developed. By using a pulsed DC voltage signal
to produce E-jetting, precise droplet placement and droplet
spacing is obtained at very fast printing speeds. The printing
times were cut down by three orders of magnitude, while
delivering specified droplet deposition rates and feature sizes.
Further, the disclosed methods also demonstrate drop-on-
demand capability, as well as on-the-fly droplet feature size
and droplet volume control.
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Example 3
Desktop E-Jet Printing System

This example discusses the design and integration of a
desktop system for electrohydrodynamic jet (E-jet) printing
(see also: Barton et al. “A desktop electrohydrodynamic jet
printing system.” Mechatronics 20(5), August 2010, Pages
611-616). E-jet printing is a micro/nano-manufacturing pro-
cess that uses an electric field to induce fluid jet printing
through micro/nano-scale nozzles. This provides better con-
trol and resolution than traditional jet-printing processes. The
printing process is predominantly controlled by changing the
voltage potential between the nozzle and the substrate. The
push to drive E-jet printing towards a viable micro/na-
nomanufacturing process has led to the design of a compact,
cost effective, and user friendly desktop E-jet printing sys-
tem. Exemplary hardware and software components of the
desktop system are described in the example. Experimental
results are presented to further characterize the performance
of'the system.

As the demand for micro- and nano-scale devices in elec-
tronics, biotechnology and microelectromechanical systems
has increased, efforts have been made to adapt current graphic
art printing techniques to address this need. Conventional
methods for graphic art printing such as inkjet printing
include applying heat to induce a vapor bubble to form and
eject a droplet of ink through a nozzle, and piezoelectric
printers which squeeze a glass tube to eject ink [1]. The
minimum printing resolution that can be created reliably for
these methods ranges from 20-30 um. This course resolution
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is due to a combination of nozzle sizes and droplet placement.
Smaller nozzle sizes may become clogged due to the ink
viscosity, while the vibrations caused by the piezoelectric
actuators often lead to variations in the droplet placement
[11]. These traditional graphic art approaches cannot be used
for high-resolution manufacturing due to size and accuracy
limitations.

Electrohydrodynamic jet (E-jet) printing is a technique that
uses electric fields to create fluid flow necessary to deliver ink
to a substrate for high-resolution (<10 um) patterning appli-
cations [8]. E-jet has been gaining momentum in the past few
years as a viable printing technique, especially in the micro-
and nano-scale range [4,15,14]. As the advantages of E-jet
printing become more apparent (e.g. the potential for purely
additive operations, the ability to directly pattern biological
materials for biosensors, drop-on demand functionality for
chemical mixing and sensor fabrication, and high-resolution
printing for printed electronics), the necessity for compact,
affordable, and user friendly E-jet printing systems increases.

The drive to miniaturize production systems is not a new
concept. Efforts to conserve space and energy, while reducing
investment and operation costs, have led to a new approach to
designing and building manufacturing systems [6]. Those
systems aim to provide low cost, compact, and accessible
alternatives to the large, expensive, and user intensive sys-
tems that are generally available. For example, Dimatix is a
low cost (<$75,000), commercially available inkjet printing
system which is capable of printing multiple inks with a
droplet resolution of approximately 40 um. Following this
minimization approach, we designed and built a low cost,
compact system for high-resolution printing. Previous work
demonstrated high-resolution E-jet printing [8] using expen-
sive custom-built equipment. This example presents a desk-
top system for E-jet printing, designed from commercial off
the shelf technology (COTS) components, competitive in
terms of cost with many of the commercially-available print-
ers but capable of much higher resolutions. The system has
the necessary hardware and software for standard E-jet print-
ing. More specifically, this example will focus on (1) the
design and fabrication of a micro/nano-manufacturing test-
bed for E-jet printing, and (2) the development of an inte-
grated user interface to provide manual and automated print-
ing. The remainder of this example is organized as follows.
Section 2 provides a description of the E-jet process. Sections
3 and 4 introduce the hardware and software components of
the desktop E-jet system. Experimental results validating the
performance capabilities of the E-jet printer are given in
Section 5. Section 6 provides concluding remarks.

2. Electrohydrodynamic jet printing: Current trends in the
fields of electronics, bioengineering and microelectrome-
chanical systems are leading to increased demands for high-
resolution manufacturing capabilities. E-jet printing uses
electric field induced fluid flows through microcapillary
nozzles to create devices in the micro/nano-scale range [8].
E-jet printing is described in U.S. Pat. No. 5,838,349 by D. H.
Choi and I. R. Smith. The printer and printing process
detailed in that patent were designed to dispense different
colored ink droplets into uniform patterns on a substrate.
While these methods easily surpassed the 2-D printing capa-
bilities of ink jet printers at that time, droplet resolution, ink
variations, and potential applications for E-jet printing were
not fully addressed. PCT Pub. No. W02009/011709 relates to
high-resolution E-jet printing for manufacturing systems.
The research detailed in that patent application focused on
using the E-jet process to print high-resolution patterns or
functional devices (e.g. electrical or biological sensors) in the
sub-micron range. The patterning of wide ranging classes of

20

25

40

45

55

40

inks in diverse geometries, as well as printed examples of
functional circuits and sensors demonstrating the diverse
applications of E-jet printing are provided in [8]. In addition
to a wide ranging class of liquids, this process has been used
to deposit suspensions containing particulates such as zirco-
nia, DNA, and silver nanoparticles as demonstrated in Wang
etal. [13]; Park et al. [7]; Lee et al. [5]. Along with the ability
to print electrical and biological sensors, these suspensions
can be used to fabricate 3D structures without supporting
material as demonstrated in [10].

FIG. 2 presents a schematic of the E-jet printing process, as
discussed and FIG. 3 illustrates the change in the apex of the
ink meniscus due to an increase in voltage. The pinching off
of the fluid from the apex of the cone results in droplets that
are typically smaller than the nozzle (micro-pipette) diam-
eter. Initial implementation of this process was performed on
a custom built air bearing positioning testbed. This system
was designed as a research platform, which subsequently
resulted in a large, expensive, and modular system that is
suitable for experimental studies but not for use as a printing
tool.

In an effort to package and simplify the process and make
E-jet printing more accessible to researchers working on
potential printing applications in micro/nano-manufacturing,
a desktop printing system has been developed. Details
describing the exemplary hardware for this system are pro-
vided in the following section.

3. Hardware for e-jet printing system: From the previous
section, hardware components for the desktop E-jet system
include: the positioning elements, the pressure and vacuum
pumps, the visualization system, the toolbit and substrate
mounts, the electrical connections for generating the required
voltage potential, and the housing elements. The various
components are identified in FI1G. 31.

As can be seen from FIG. 31, the positioning system
includes x- and y-axis electronic positioning stages, a manual
z-axis, and a manual rotary axis. Manual z and rotary axes are
used to minimize costs, but are optionally also electronic
positioning stages, as desired. Alternatively, the system does
not require z- or rotary axis, as the methods described herein
are capable of obtaining and/or maintaining desired printing
conditions without compensating for changes in stand-off
height, even for significant variation up to 100%. Back pres-
sure and voltage potential compensate for any height irregu-
larities using the relationship provided in Eq. (1) of Example
1. The pressure pump applies back pressure to the syringe,
while the vacuum pump is used to attach the substrate to the
substrate mount. The visualization system includes a high-
resolution camera and magnification lens mounted to a 180°
rotary track, as well as a fiber optic light with adjustable arms.
The housing is made up of a breadboard and glass enclosure.
All of the items described thus are available as off-the-shelf
components from various vendors. Table 5 is a summary of
the components, along with the vendor and any relevant infor-
mation.

The remaining hardware includes components that are spe-
cific to the E-jet printing process. The toolbit and substrate
mounts and the electrical connections residing within these
components are important to the E-jet process and are custom
designs. FIG. 32 illustrates one of the toolbit mounts. This
mount is designed for single nozzle deposition. An off-the-
shelf syringe containing the deposition ink is connected to the
pressure pump and a Luer lock micro-pipette ranging in tip
size from 100 nm to 10 pm. The micro-pipette (nozzle) is
sputter coated with metal prior to assembly to ensure an
electrical connection along the length of the nozzle [9]. Addi-
tionally, the pipette tip is treated with a hydrophobic coating
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to minimize wicking of the ink along the nozzle. The conduc-
tive base of the pipette makes an electrical connection with
the mount using built-in contact pins. In addition to the single
nozzle mount in FIG. 32, a multi-nozzle toolbit is designed
(FIG. 33). This toolbit facilitates multiple inks (printable
fluids) to be used on a single part by manually rotating the
nozzle mount. Alternatively, the rotation may be electroni-
cally controlled.

The substrate mount shown in FIG. 34 contains a raised
section designed for a generic glass slide. The slide, which
has been sputtered with a metal coating for conductivity, is
seated in a cutout within the raised section and held in place
by a vacuum chuck. The electrical connection is maintained
through contact between the conductive slide and a metal clip
held in place by a plastic fly screw (FIG. 34).

The hardware components for E-jet printing make up half
of the working system. In order to print, specific software
requirements must be met. These are described in the follow-
ing section.

4. System interfacing: The interfacing of the desktop sys-
tem through LabVIEW® is designed to integrate the two
major subsystems: (a) the positioning system (linear motors
and the motor drivers) and (b) the electrical system (high
voltage amplifier). LabVIEW was chosen for software inter-
facing due to its easy to use front end graphical interface and
the accessibility and modular capabilities of its back end
platform. There are two modes of operation for the software.
In manual mode, the user has control over position and volt-
age signals. This mode is used to test the E-jet process for
determining suitable voltages for consistent jetting condi-
tions. In the automated operation mode, a set of pre-pro-
grammed commands can be loaded and executed sequentially
to generate a specific pattern on the substrate through coor-
dination of the voltage and position commands. The voltage
commands, however, can be over-written by the user while in
the automated operation mode.

FIG. 35 shows a schematic of the software-hardware inter-
facing. The voltage amplifier is controlled and monitored
through analog communication via an NI-6229 DAQ board.
On the other hand, the motor drivers are controlled over a
serial port (RS 232) communication link. The front end GUI
enables the user to monitor safety signals and send control
signals for operation over these communication links.

Since the fidelity of the E-jet process relies heavily on the
coordination of the two subsystems, the primary functional-
ities of the software system interface are:

1. The front end graphic user interface (GUI): Provides the
user with an interactive panel for control of the hardware
components in terms of the position of the XY axes and the
voltage potential between the nozzle tip and the substrate. In
manual operation mode, these are controlled by the user. In
automated operation mode, the user loads up a series of
commands that are executed sequentially to deposit a pre-
scribed pattern on the substrate by coordination of the voltage
on-off and positioning of the XY stages. The GUI also
enables the user to visualize current position and printing on
a virtual work-plate.

II. The back-end hardware interface of the software: Aims
at monitoring, controlling, and coordinating the hardware
components of the E-jet system. The encoder position read-
ings, motor faults, voltage output monitor, and voltage over-
load readings are monitored over a fixed time-interval repeat-
ing loop. In the automated operation mode, the software
simultaneously controls and coordinates voltage and position
commands to generate jetting of droplets at specific locations
on the substrate.
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5. Experimental results: In order to validate the perfor-
mance capabilities of the desktop E-jet printing system
described herein, a sample image is drawn using the process
diagrammed in FIG. 36.

Operating from the manual mode on the GUI, an initial
calibration is performed to determine suitable XY position,
z-axis offset height, back pressure and voltage input for a
desired jetting frequency. Switching over to the automated
mode, a series of position and voltage commands are
uploaded into the GUI. Using the experimental values listed
in Table 6, sequential implementation of the uploaded com-
mands resulted in a block ‘I” image shown in FIG. 37.

Using a 5 um nozzle tip (micro-pipette), the desktop sys-
tem printed droplets with an average measured diameter of
2.8 um. The droplet size correlates to several process vari-
ables including: nozzle tip, ink viscosity, offset height, back
pressure, and applied voltage potential between the conduct-
ing nozzle tip and substrate [3,12,2]. Changes in these con-
ditions will result in variations in the droplet diameter and
jetting frequency. For the exemplified system, the process
variables are shown to be consistent over a printing area of 5
mmx5 mm, thereby indicating minimal built-in tilt offset
with the printer. The block ‘I’ is printed by rastering back and
forth along the y-axis with a fixed jetting voltage determined
during the initial calibration. By applying a constant DC
voltage, the natural pulsating jet mode of the meniscus results
in slight discrepancies in droplet placement. Control tech-
niques which address high-resolution droplet size and place-
ment requirements are (see, e.g., Examples 1 and 2) are
optionally included. For droplet size comparison, droplets
representing a typical ink jet printing resolution of approxi-
mately 20 pm are superimposed on the E-jet printed image in
FIG. 37. These results clearly indicate the ability of E-jet
printing to surpass the printing resolution of typical ink jet
printers.

6. Conclusion and future work: The availability of com-
pact, affordable, and user friendly test platforms for micro/
nano-manufacturing processes is a critical part for the transi-
tion of these processes into mainstream manufacturing
systems. The major challenge is providing affordable test
platforms for researchers to further develop the process and
associated applications. E-jet printing is an emerging manu-
facturing technology that has potential in widespread appli-
cations. This example is directed to a small and affordable
desktop system for E-jet printing.

In order to simplify the experimental setup, novel toolbit
and substrate mounts with built-in electrical connections
were designed and fabricated. A two part GUI enables manual
and automated printing modes. Experimental results verified
the printing capabilities of the desktop E-jet system.
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This application is related to PCT Pub. No. WO 2009/
011709 (71-07WO) and corresponding U.S. National Stage
application Ser. No. 12/669,287 filed Jan. 15, 2010, and pri-
ority U.S. application 60/950,679 (filed Jul. 19, 2007), each
of'which are hereby incorporated by reference in their entirety
to the extent not inconsistent herewith.

All references cited throughout this application, for
example patent documents including issued or granted pat-
ents or equivalents; patent application publications; and non-
patent literature documents or other source material are
hereby incorporated by reference herein in their entireties, as
though individually incorporated by reference, to the extent
each reference is at least partially not inconsistent with the
disclosure in this application (for example, a reference that is
partially inconsistent is incorporated by reference except for
the partially inconsistent portion of the reference).

Every formulation or combination of components
described or exemplified herein can be used to practice the
invention, unless otherwise stated.

Whenever a range is given in the specification, for
example, a resolution range, a precision range, a placement
accuracy range, a statistical range, a temperature range, a size
range, frequency range, field strength range, printing velocity
range, a conductivity range, a time range, or a composition or
concentration range, all intermediate ranges and subranges,
as well as all individual values included in the ranges given
are intended to be included in the disclosure. It will be under-
stood that any subranges or individual values in a range or
subrange that are included in the description herein can be
excluded from the claims herein.
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All patents and publications mentioned in the specification
are indicative of the levels of skill of those skilled in the art to
which the invention pertains. References cited herein are
incorporated by reference herein in their entirety to indicate
the state of the art as of their publication or filing date and it
is intended that this information can be employed herein, if
needed, to exclude specific embodiments that are in the prior
art.

Asused herein, “comprising” is synonymous with “includ-
ing,” “containing,” or “characterized by,” and is inclusive or
open-ended and does not exclude additional, unrecited ele-
ments or method steps. As used herein, “consisting of”
excludes any element, step, or ingredient not specified in the
claim element. As used herein, “consisting essentially of”
does not exclude materials or steps that do not materially
affect the basic and novel characteristics of the claim. In each
instance herein any of the terms “comprising”, “consisting
essentially of” and “consisting of” may be replaced with
either of the other two terms. The invention illustratively
described herein suitably may be practiced in the absence of
any element or elements, limitation or limitations which is not
specifically disclosed herein.

One of ordinary skill in the art will appreciate that starting
materials, materials, reagents, synthetic methods, purifica-
tion methods, analytical methods, assay methods, and meth-
ods other than those specifically exemplified can be employed
in the practice of the invention without resort to undue experi-
mentation. All art-known functional equivalents, of any such
materials and methods are intended to be included in this
invention. The terms and expressions which have been
employed are used as terms of description and not of limita-
tion, and there is no intention that in the use of such terms and
expressions of excluding any equivalents of the features
shown and described or portions thereof, but it is recognized
that various modifications are possible within the scope of the
invention claimed. Thus, it should be understood that
although the present invention has been specifically disclosed
by preferred embodiments and optional features, modifica-
tion and variation of the concepts herein disclosed may be
resorted to by those skilled in the art, and that such modifi-
cations and variations are considered to be within the scope of
this invention as defined by the appended claims.

Methods and devices useful for the present methods can
include a large number of optional device elements and com-
ponents including, additional substrate layers, surface layers,
coatings, glass layers, ceramic layers, metal layers, microf-
luidic channels and elements, motors or drives, actuators such
as rolled printers and flexographic printers, handle elements,
temperature controllers, and/or temperature sensors.

TABLES

TABLE 1

Jetting operating parameters for process characterization

PARAMETER VALUE

Nozzle diameter 5 pm

Substrate Au coated on glass slide

Ink 10% glycerol + 10 mM buffer solution
Back pressure 1.6 psi

Standoff height 30 pm
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TABLE 6-continued

Jetting operating parameters for controller validation

PARAMETER VALUE

Nozzle diameter 10 pm

Substrate 3 Au strips on glass slide

Ink 10% glycerol + 100 mM buffer solution
Back pressure 0.1-0.2 psi

Printing time 50 sec

Standoff height 30 pm

TABLE 3

Tabulated 2-norm and maximum error for open loop,
feedforward only, and 2-DOF control laws.

Open Feedforward 2 DOF
Loop Control Control
Error 2-norm (Hz) 0.23 0.13 0.08
Peak Error (Hz) 0.31 0.26 0.18
TABLE 4
System Components
Part Manufacturer Resolution
X,Y, Z stages Aerotech 0.01 pm
Infinity 3 Camera Lumenera 2 Mpixel
Zoom lens EdmundOptics NT55-834 2.5x-10x
Illuminator EdmundOptics NT55-718 N/A
Voltage Amplifier Trek 677B 1V
Current Detector Femto NT59-178 1 nA
TABLE 5
Purchased hardware components (Example 3)
Part Manufacturer Part no. Resolution
X,Y stages Parker MXB80LTO3MP 01lp
Z stage Parker MX80MTO02MS 1p
Rotary stage Parker M10000 p arc
min
Pump-vacuum Cole-Parmer EW-79610-02 N/A
Pump-pressure McMaster 4176K11 1 psi
Infinity 2-2 Lumenera NT59-051 2 Mpixel
Zoom lens EdmundOptics NT55-834 2.5%-10x
Illuminator EdmundOptics NT55-718 N/A
Breadboard ThorLabs MB6060/M N/A
Enclosure ThorLabs TQ0004627-3 N/A
TABLE 6
Experimental setup
Variable Setup Value
Ink Glycerol and H,O solution
Nozzle diameter 5
Pump-pressure 0.25 psi
Image size 1 mm x 1 mm
X position -3.5 mm (absolute)
Y position -0.5 mm (absolute)
Z position 0.030 mm (offset height)
Feedrate 0.39 mm/s
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Experimental setup

Variable Setup Value
Voltage input 418 V
Printing time 10 min

We claim:

1. An electrohydrodynamic jet printing device comprising:

one or more printing nozzles configured to contain a print-
able fluid;

a substrate configured to receive ejected printable fluid
from the one or more printing nozzles;

a current or voltage sensor electrically connected to the
substrate for measuring output current or voltage during
printing for real-time feedback and feedforward control;

a voltage or current generator operably connected to the
one or more printing nozzles configured to establish an
electric potential difference between the one or more
printing nozzles and the substrate and controllably eject
printable fluid from the nozzle onto the substrate;

a controller electrically connected to said sensor for con-
trolling the voltage or current generator to maintain a
desired printing condition based on the measured output
current or voltage during printing by the current or volt-
age sensor for real-time feedback control and a process
map for real-time feedforward control;

wherein the process map is generated by detecting current
spikes during printing to determine jetting frequency for one
or more process parameters; and

wherein said device provides a print resolution that is selected
from a range between 10 nm to 10 pm for a printing frequency
selected from a range that is greater than 0 Hz and less than or
equal to 100 kHz and a placement accuracy that is better than
500 nm.

2. The device of claim 1, that is a desktop printing device
having a footprint less than or equal to 1 m>.

3. The device of claim 1 wherein said print resolution and
placement accuracy are maintained without varying a stand-
off distance between the nozzle and a substrate to which the
nozzle prints.

4. An electrohydrodynamic jet printing device comprising:

a nozzle configured to contain a printable fluid;

a substrate configured to receive ejected printable fluid
from the nozzle;

a sensing and control system comprising:

a current sensor electrically connected to the substrate
configured to detect and quantify an output current
during printing of the printable fluid from the nozzle
tip to the substrate;

a controller configured to receive the quantified output
current from the current sensor and generate a process
parameter based on the quantified output current;

apower supply electrically connected to the controller to
receive the process parameter and configured to apply
apotential difference between the substrate and print-
able fluid in the nozzle for real time feedback control
to maintain or achieve a desired printing condition
based on the process parameter; and

wherein the controller is configured to receive a process
map, and the process map is generated by detecting
current spikes during printing to determine jetting
frequency for one or more process parameters.

5. The device of claim 4:

wherein the controller is configured to receive a process
map is for feedforward and feedback control to provide
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atwo-degree of freedom feedforward and feedback con-
trol of the process parameter provided to the power
supply.

6. The device of claim 5, wherein the process map provides
a relationship between the input process parameter selected
from the group consisting of: voltage, current and standoff
distance; and a printing condition selected from the group
consisting of print frequency, print droplet volume, print
speed, print resolution, and print precision.

7. The device of claim 4, wherein the controller is config-
ured to provide the process parameter to the power supply in
the form of a pulsed voltage or a pulsed current.

8. The device of claim 7, further comprising:

a positioning system connected to the substrate;

wherein the controller is configured to provide a process

parameter to the positioning system for feedforward
control by substrate tilt and the quantified output current
from the current sensor provides feedback control to
accommodate changes in local jetting conditions.

9. The device of claim 8, wherein the positioning system is
configured to provide tilting and translation of the substrate
relative to the nozzle.

10. The device of claim 4, wherein the nozzle has a nozzle
tip and the power supply is in electrical contact with the
nozzle tip.

11. The device of claim 4, wherein the power supply is in
electrical contact with the substrate.

12. The device of claim 4, wherein the current sensor is
connected to a substrate to provide substrate-side measure-
ment of current.

13. The device of claim 4, wherein the controller is con-
figured to provide a process parameter value to maintain a
desired printing condition.

14. The device of claim 13, wherein the desired printing
condition is print frequency or droplet size.
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15. The device of claim 13, wherein the process parameter
value is adjusted to maintain the desired printing condition.

16. The device of claim 4, further comprising:

a printable fluid chamber;

the nozzle having a nozzle tip fluidically connected to the

printable fluid chamber;

the substrate having a substrate receiving surface opposed

to and facing the nozzle tip for receiving printable fluid
ejected from the nozzle tip;

the power supply electrically connected to the nozzle tip to

apply a voltage potential between the nozzle tip and the
substrate receiving surface.

17. The device of claim 16, wherein the current sensor,
controller and power supply are configured for high speed
printing, wherein the high speed printing is selected from a
range that is greater than or equal to 300 pm/s and less than or
equal to 10 mm/s.

18. The device of claim 16, wherein the nozzle and sub-
strate are configured for high-resolution printing, wherein the
high resolution printing has a resolution in the sub-micron
range.

19. The device of claim 16, wherein the nozzle tip has a
substantially circular ejection orifice with a diameter that is
less than 20 pm.

20. The device of claim 16, wherein the electrohydrody-
namic jet printing device compensates for changes in stand-
off distance, substrate irregularities that change stand-off dis-
tance, substrate tilt, noise, or unwanted movement of the
nozzle tip relative to the substrate, to maintain continuously
good printing characteristics.

21. The device of claim 16 comprising multiple printable
fluid chambers.

22. The device of claim 4, wherein the process parameter is
continuously provided to the power supply and has a magni-
tude that is adjustable by the controller.

#* #* #* #* #*
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